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FOREWORD 

This Handbook, which has been processed by the Structural 
Engineering Sectional Committee, SMBDC 7, the oomT>osition of which 
is given in Appendix D, had been approved for publication by the 
Structural and Metals Division Council and the Civil Engineering 
Division Council of ISI. 

Steel, which is a very important basic raw materials for indos* 
tdalization, had been receiving attention from the Planning Commis- 
sion even from the very early stages of the country's First Five Year 
Plan period. The Planning Commission not only envisaged an increase 
in produclion capxicity iu the country, but also considered the question 
of even greater importance, namely, taking of urgent measures for 
the conservation of available resources. Its expert committees came 
to the conclusion that a good proportion of the steel consumed by the 
structural steel industry in India could be saved if higher efficiency 
procedures were adopted in the production and use of'' steel. The 
Planning Commission, therefore, recommended to the Govtemment of 
India that the Indian Standards Institution should take up a Steel 
Economy Project and prepare a series of Indian Standard specifi(»tions 
and codes of practice in the field of steel production and utilization. 

Over fifteen years of continuous study in India and abroad, and 
the deliberations at numerous sittings of committees, panels and study 
groups resulted in the formulation of a number of Indian Standards 
in the field of steel production, design and use, a list of which is given 
in Appendix £. 

This Handbook which relates to the application of plastic theory 
in design of steel structures is intended to present the important prin- 
ciples and assumptions involved in the plastic method of stmctund 
ansilysis, and to provide illustrative examples for the guidance of the 
designer in the analysis of practical design problems. 

The subject is introduced by considering the various limits of 
usefulness of a steel structure, the limits that are function (in part) 
of the medianical properties of steel. Knowledge of these properties 
is used in Section A to show how the maximum strength of some simple 
structures may be computed. The historical development of the 
plastic theory of structures is also dealt with in brief. 

Section B answers the question ' Why plastic design '. It is shown 
that stress is an inadequate design criterion for a large number of 



SPt 6(6) - 1973 

practical engineering structures. The experimental verification of the 
plastic theory (which bases the design of structures on the maximum 
strength) has also been indicated. The basic .theoretical work is dealt 
with in Sections C and D. The concepts of plastic bending and redis- 
tribution of moments are described and the methods of analysis has 
been indicated. Section E contains general comments on design 
procedures. Although this section covers a few examples relating to 
multistorey frames, it is proposed to deal with the subject in detail in 
a supplement in due course. The limitations, modifications and design 
details have been described under the heading ' Secondary Design 
Consideration '. Proper attention should be given to the effect of shear 
force, ajdal force, local and lateral buckling, etc. Further, the beams, 
columns and connections should be designed to meet the requirements 
of plastic hinge formation. 

The section on design examples treats a number of building frames 
of different profiles. The secondary design considerations are checked 
throughout. Section 7 describes simplified procedures of solving design 
problems with the use of formulas, charts and graphs. 

In Appendix A is given a list of selected references for further 
detailed information on plastic theory of structures. 

What will plastic design mean ? To the ' sidewalk superintendent ', 
it will mean nothing. The structure will look just the same as a con- 
ventionally designed structure. To the engineer, it will mean a more 
rapid method of analysis. To the owner, it will mean economy, because 
plastic design requires less steel than conventional design. For the 
building authority, it would mean more efficient operations because 
designs may be checked faster. To steel industry, it would mean more 
effici^t use of its products. Finally, to a nation, it will mean better 
use of her natural resources. 

This Handbook is based on and requires reference to the following 
publications issued by ISI: 

IS: 226-1969. Specification for structural steel (standard quality) 
{fourth revision) 

IS: 800-1962 Code of practice for use of structural steel in general 
building construction [revised) 

IS: 875-1964 Code of practice for structural safety of buildings: 
Loading standards {revised) 

IS: 2062-1969 Specification for structural steel (fusion welding 
' quality) {first revision) 

IS: 4000-1967 Code of practice for assembly of structural joints 
using high tensile friction grip fasteners 

8 
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In the preparation of this handbook, the technical committee has 
derived valuable assistance from Dr Lynn S. Beedle, Professor of 
Structural Engineering, Lehigh University, Bethlehem, USA. Dr Beedle 
prepared the preliminary draft of this handbook. This assistance 
was made avail.ible to ISI through Messrs Ramscycsr & Miller, Inc, Iron, 
and Steel Industry Consultants, New York, by the Technical Co-operation 
Mission to India of the Government of India under their Technical 
Assistance Programme. 

No handbook of this kind may be made complete for all times to 
come at the very first attempt. As designers and engineers begin to 
use it, they will be able to suggest modifications and additions for 
improving its utility. They are requested to send such valuable 
suggestions to ISI which will be received with appreciation ' and 
gratitude. 
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SYMBOLS 

Symbok used in this handbook shall have the meaning assigned 
to them as indicated below: 
A BE Area of cross-section 
Af «= Area of both flanges of WF shape 
An BE Area of split-tee 
-Aw = Area of web between flanges 
b SB Flange width 

c = Distance from neutral axis to the extreme fibre 
d B= Depth of section 
E = Young's modulus of elasticity 

Eu = Strain-hardening modulus = -j-^ 

Mil 

£i => Tangent modulus 

e = Eccentricity 

F = Load factor of safety 

/ s^ Shape factor = xr ~ ~^ 

My l> . 

f = Fixity factor for use in evaluating and restraint coefficient 

G = Modulus of elasticity in shear 

Gft = Modulus of elasticity in shear at onset of strain-hardening 

H Bs Hinge rotation required at a plastic hinge 

Hb = Portion of hinge rotation that occurs in critical (buckling) seg- 
ment of beam 

/ E= Moment of inertia 

It = Moment of inertia of elastic part of cross-section 

Ip =s Moment of inertia of plastic part of cross-section 

J = Number of remaining redundancies in a structure that is 
redundant at ultimate load 

K s= Euler length factor 

k s= Distance from flange face to end of fillet 

KL » Effective (pin end) length of column 

L » Span length; actual column length 

Ler «> Critical length for lateral buckling 

M « Moment 

11 
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tn = Number of plastic hinges developed in a structure that is 

redundant at ultimate load 
M» = Moment at the haunch point 

Mo — End moment; a useful maximum moment; hinge moment 
Mp = Plastic moment 
Mp = Plastic moment capacity of a beam section 

Mpe = Plastic hinge moment modified to include the effect of axial 

compression 

Mp, = Plastic hinge moment modified to include effect of shear force 

M, = Maximum moment of a simply-supported beam 

My — Moment at which yield point is reached in flexure 

Mye — Moment at which initial outer fibre yield occurs when axial 

thrust is present 

Af„ = Moment at the working load 

N = Number of possible plastic hinges 

n = Number of possible independent mechanisms 

P = Concentrated load 

P^ = Useful column load. A load used as the ' maximum column 

load ' 

P, = Euler buckling load 

P, = Reduced modulus load 

P, — Stabilizing load 

P, = T.angent modulus load 

P, = Theoretical ultimate load 

P, r= Working load 

Py = Axial load corresponding to yield stress level; P = Aoy 

R = Rotation capacity 

r = Radius of gyration 

S = Section modulus, Ijc 

S, = Section modulus of elastic part of cross-section 

T = Force 

t/ = Flange thickness 
/, = Stiffner thickness 
t^ f= Web thickness 
V = Shear force 

Vc — Shear carrying capacity of a section 
u,v,« = Displacements in x, y, and x directions 

W »> Total distributed load 

12 
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WsxT'= External work due to virtual displacement 

WjsT = Internal work due to virtual displacement 

ui = Distributed load per unit of length 

wd = Thickness of the wet doublers 

o», = Total uniformity distributed load 

X = Number of redundancies 

X = Longitudinal coordinate 

X = Distance to position of plastic l\ingo \indt»r distributed load 

y — Transverse coordinate 

y = Distance from neutral axis to centn^d of half-area 

Z = Plastic modulus = — ^ 

Z4 — I'lastic moduhis of elastic portion 

Zp = Plastic moduhis of plastic portion 

X = Lateral co-ordinate 

AZ, = Equival(!nt length of connecti-m 

8 = Deflection 

t — Strain 

«,i = Strain at strain-hardening 

€y = Strain corresponding to first attainment of yield stress level 

= Measured angle change; rotation. Rotation 

ix = Poisson's ratio 

p = Radius of curvature 

a — Normal stress 

o/y = Lower yield point 

Op = Proportion limit 

a, = Residual stress 

0,1/ = Ultimate tensile strength of material 

Ouf = Upper yield point 

fly = Working stress 

Of = Yield stress level 

T = Shear stress 

^ ne Rotation per unit length, or average unit rotation; curvature 

^ s= Curvature corresponding to first yield in flexure 
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SECTION A 
INTRODUCTION 



1. SCOPE 



1.1 It 13 the purpose of this handbook to present the fundanicntal 
concepts involved in plastic design and to justify its appliaition to 
structural steel frames. The methods of plastic analysis will be des- 
cribed together with the design procedures that 1iavo so far been 
developwi. Secondary design considerations are also included. 

1.2 Specific application may be made to statically loaded frames of 
structural steel to continuous beams, to siiiRle-storeycd industrial frames 
and to such other structures whose condition of loading and geometry 
are consistent with the assumptions involved in the theory. Numerous 
applications will undoubtedly be made to other types of structures 
such as rings and arches, but for the time being the scope of application 
is limited to the indicated structural types. 

2. GENERAL 

2.1 Steel possesses ductility, a unique property that no other structural 
material exhibits in quite the same way. Through ductility structural 
steel is able to absorb large deformations beyond the elastic limit with- 
out the dangef of fracture. ' 

2.2 Although there are a few instances where conscious use has been 
made of this property, by and large the engineer has not been able to 
fully exploit this feature of ductility in structural steel. As a result of 
ther-^ limitations it turns out that considerable sacrifice of economy is 
involved in the so-called ' conventional ' design procedures. 

2.3 Engineers have known of this ductility for years, and since the 
1920's have been attempting to sec if some conscious use could be 
made of this property in design. Plastic design is the realization of that 
goal. This goal has been achieved because two important conditions 
have been satisfied. First, the theory concerning the plastic behaviour 
of continuous steel frames has been systematized and reduced to simple 
design procedures. Secondly, every conceivable factor that might tend 
to limit the load-carrying capacity to something less than that predicted 

15 
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by the simple plastic theory has been investigated and rules have been' 
formulated to safeguard against such factors. 

3. STRUCTURAL STRENGTH 

3.1 The design of any engineering structure, be it a bridge or buUding, 
is satisfactory if it is possible to built it with the needed economy and 
if throughout its useful life it carries its intended loads and otherwise 
performs its intended function. As already mentioned, in the process 
of selecting suitable members for such a structure, it is necessary to 
make a general analysis of stnictural strength and secondly to examine 
certain details to assure that local failure does not occur. 

3.2 The ability to carry the load may be termed 'structural strength'. 
Broadly speaking, the structural strength or design load of a steel frame 
may be determined or controlled by a number of factors, factors that 
have been called 'limits of structural usefulness'. These are: first 
attainment of yield jwint stress (conventional design), brittle fracture, 
fatigue, instability, deflections, and finally the attainment of maximum 
plastic strength. 

3.3 Strictly speaking, a design based on any one of the above-mentioned 
six factors could be rnferred to as a ' limit design ', although the term 
usually lias been applied to the determination of ultimate load as limited 
by buckling or maximum strength**. ' Plastic design ' as an aspect of 
limit design and as applied to continuous beams and frames embraces, 
then, the last of the limits — the attainment of maximum plastic strength. 

3.4 Thus, plastic design is first a design on the basis of the maximum 
load the structure will carry as determined from an analysis of strength 
in the plastic range (that is, a plastic analysis). Secondly it consists of 
a. consideration by rules or formulas of certain factors that might other- 
wise tend to prevent the structure from attaining the computed maxi- 
mum load. Some of these factors may be present in conventional 
(clastic) design. Others are associated only with the plastic behaviour 
of the structure. But the unique feature of plastic 'design is that the 
ultimate load rather than the yield stress is regarded as the design 
criterion. 

3.5 It lia.i long been known that whenever members are rigidly con- 
nected, the structure has a much greater load-carrying capacity than 
indicated by the elastic stress concept. Continuous or ' rigid ' frames 
are able to carry increased loads above ' first yield ' becaijse structural 
steel has the capacity to yield in a ductile manner with no toss in strength; 

*This number refers to the serial number of the selected references given in 
Appendix A. 

16 
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indeed, with frequent increase in resistance. Although tlie phenomenon 
will be described in complete detail later, in general terms what happens 
is this: 

As load is applied to the structure, the cross-seotion with the 
greatest bending moment will eventually reach the yield moment. 
Elsewhere the structure is elastic and the ' peak ' moment values 
are less than yield. As load is added, a zone of yielding develops 
at the first critical section; but due to the ductility of steel, the 
moment at that section remains about constant. The structure, 
therefore, calls upon its less-heavily stressed portions to carry the 
increase in load. Eventually, zones of yielding are formed 
at other sections until the moment capacity has been exhausted 
at all necessary critical sections. After reaching the maximum load 
value, the structure would simply deform at constant load. 

S.6 At the outset it is essential to make a clear distinction between 
elastic design and plastic design. h\ conventional elastic design prac- 
tice, a mcmbi-.r is sol^ted such that the maximum allowable bending 
stress is equal to 1 650 kgf/cm- at the working load. As shown in 
Fig. 1 sucli a beam has a reserve of str«Migth of 1-65 if the yield point 
stress is 2 400 kgf/cm*. Due to tlie ductility of steel there is an 
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additional reserve which amounts to 12 to 14 percent for a wide flange 
shape. Thus the total inherent overload factor of safety is equal to 
1*65 X 1*12= 1-85 as an average value. 

8.7 In plastic design, on the other hand, the design commences with 
the ultimate load. (As will be evident later, it is much easier to analyze 
an indeterminate structure for its ultimate load than to compute the 
yield load.) Thus the working load, P„, is multiplied by the same load 
factor (1*85) and a member is selected that will reach this factored 
load. 

3.8 The load i; deflection curve for the restrained beam is shown in 
Fig, 1. It has the same ultimate load as the conventional design of tlie 
simple beam and the member is elastic at working load. The important 
thing to note is that the factor of safety is the same in the plastic design 
of the indeterminate structure as it is in the conventional design of the 
simple-beam. 

8.9 While there are other features here, the important point to got in 
mind at this stage is that in conventional procedures one computes the 
maximum moment under the working load and selects a memlxir such 
that the maximum stress is not greater than 1 650 kgf/cm* on the 
Other hand in plastic design one multiples the working load by 
FbI-85 and selects a member which will just support the ultinuUe 
toad. 

S.li Terminology — Plastic design naturally involves the use of some 
new terms. Actually these are few in number, Ijut for convenience are 
listed below: 

Limit Design— A design based on any chosen limit of structural 
usefulness. 

Plastic Design— A desigh based upon the ultimate load-carrying 
capacity (maximum strength) of the structure. The term ' plastic ' 
is derived from the fact that the ultimate lojid is computed from 
a knowledge of the strength of stool in the> plastic range. 

Ultimate Load (P.) or Maximum Strength -^ The highest load a 
structure will carry. (It is not to be confused with the term as 
applied to the ultimate load carried by an ordinary tensile test 
specimens.) In the design P, is determined by multiplying the 
expected working load (P,) by the load factor (see below). 

Plastification — The devetopmcnt of full plastic yield of the cross- 
section. 

Plastic Moment (Mp)— Maximum moment of resistance of a fully 
yidded crpss-section. 

IS 
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Plastic Modulus (Z)— Combined static moments about the neutral 
axis of the cross-sectional areas above and below the neutral axb. 

Plastic Hinge -^ A yielded section o{ a beam which acts as if k 
were hinged, except with a constant restraining moment. 

Shape Factor (/)— The ratio of the maxiaium resisting moment 
of a cross-section {Mp) to the yield moment {My). 

Mechanism — A ' hinge system ', a system of members that can 
move without an increase in load. 

Redistribution of Moment— ^ A process which results in the suc- 
cessive formation of plastic hinges until the ultimate load is 
reached. By it, the less-highly stressed portions of a struotura 
also may reach the (Af^)-value. 

Load Factor (F) — A safety factor. The term is selected to empha- 
size the dependence upon load-carrjdng capacity. It is the 
number by which the working load is multiplied to obtain P». 

4. MECHANICAL PROPERTIES OF STEEL 

4.1 An outstanding property of steel, which (as already mentioned) 
sets it apart from other structural materials, is the amazing ductility 
which it possesses. This is characterized by Fig. 2 which shows in 
somewhat idealized form the stress-strain properties of steel in the initial 
portioi^ of the airve. In Fig. 3 are shown partial tensile stress-strain 
curves for a number of different sjteels. Note that when the dastic 
limit is reached, elongations from 8 to IS times the elastic limit ta&e 
place without any decrease in load. Afterwards some increase in strength 
is exhibited as the material strain hardens. 

4.2 Although ^he first application of plastic design is to structures 
fabricated of structural grade steel, it is not less applicable to steels of 
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higher strength as long as they possess tVio necessary ductility. Figure 3 
attests to the ability of ii. wide rarr;o of steels to deform plastically 
with characteristics similai to steel r.i> iforniing to IS: 226-1969*. 

4.3 It is im]K)rtant to bear in mind that tlic strains shown m Fig. 3 arc 
really v<M-y small. As shown in Fig. 4, foi ordinarx- stnicliual stc»^l, 
final failure by rupture occurs only after :i. specimen has stretclied some 
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15 to 25 times the maximum strain that is encountered in plastic design. 
Even in plastic design, at ultimate load the critical strains will not have 
exceeded percentage elongation of about 1-5. Thus, the use of ultimate 
load as the- design criterion still leaves available a major portion of the 
reserve ductility of steel which may be used as an added margin of 
safety. This maximum strain of 1*5 percent is a strain at ultimate 
load in the structure not at working load. In most cases under working 
load the strains will still be below the elastic limit. 

5. MAXIMUM STRENGTH OF SOME ELEMENTS 

5.1 On the basis of the ductility of steel (cliaracterized by Fig. 2) it is 
now possible to calculate quickly the maximum carrying capacity of 
certain elementary structures. 

As a first example take a tension member such as an eye bar (Fig. 5). 
The stress is a = PI A . 

The load v deflection relationship will be elastic until the 3acld 
point is reached. As shown in Fig. 5 deflection at the elastic limit is 
given by By = P^LjAE. 
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Since the stress distribution is uniform across the section, unrest- 
rioted plastic flow will set in when the load reached the value given by 

This is, therefore, the ultimate load. It is the maximum load the 
structure will carry without the onset of unrestricted plastic flow. 

As a second example consider the three-bar structure shown in 
Fig. 6. It is not possible to consider the state of stress by statics alone 
and thus it is indeterminate. Consider the clastic state. From the 
equilibrium condition there is obtained: 

2Ti+T,=t ... ... ... ...(1) 

where Ti is the force in bars 1 and 3 and T, the force in the bar 2. 
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The next condition to consider is continuity. For a rind cross bar, 
the total displacement of Bar 1 will be equal to that of Bar 2. Therefore : 



AE~ AE 

rj= J» (as Lj- 2LJ 



...(2) 
...(3) 



With this relationship between Tj^ and T, obtained by the continuity 
condition, using £q (1) it is found that: 
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The load at which the structure will first yield may then be determined 
by substituting in Eq (4) the maximuni load which T, can reach, 
namely, OyA. 
Thus, 

Py= 27,= 2ayA ... ... ...(5) 

The disi^lacement at the yield load would be determined from: 

Now, when the structure Is partially plastic it deforms as if it were a 
two-bar structure except that a constant force equal to OyA is supplied by 
Bar 2 (the member is in the plastic range). This situation continues 
until the load reaches the yield value in the two outer bars. Notice 
how easily it is possible to compute the ultimate load: 

P» = 3ayA ... ... ...(7) 

The basic reason for this simplicity is that the continuity condition 
need not be considered when the ultimate load in the plastic raoge is 
being computed. 

The load-deflection relationship for the structure • shown in Fig. 6 
is indicated at the bottom. Not until the load reaches that value 
computed by a plastic analysis (Eq 7) did the deflections commenoe to. 
increase rapidly. The deflection when the ultimate load is first reached 
can be computed from: 

S„ = OyLn = J-, ... •.. •••'(') 

The three cssantial features of this simple plastic analysis are as follows: 

a) Each portion of the structure (each bar) reached a plastic jddid 
condition, 

b) The equilibrium condition was satisfied at ultimate load, and 

c) There was tmrestricted plastic flow at the ultimate load. 

These same features are all that- are required to complete the plastie 
analysis of an indeterminate beam or frame, and in fact, this simple 
example illustrates all of the essential features of a plastic analysis. 

6. HISTORICAL DEVELOPMENT 

6.1 The concept of design based on ultimate load as the criterion is 
more than 40 years old ! The application of plastic analysis to structural 
design appears to have been initiated by Dr Gabor Kazinszy. a Hunga- 
rian, who published results of hit Tests* of Clamped Girders as ear^ as 
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1914. He also suggested analjrtical procedures similar to those 
now current, and designs of apartment-type buildings were actually 
carried out. 

6.2 In his Strength of Materials', Timoshenko refers to early suggestions 
to utilize ultimate load capacity in the plastic range and states as follows : 

Such a procedure appears logical in the case of steel structures 
submitted to the action of stationary loads, since in such cases a 
failure owing to the fatigue of metal is excluded and only failure 
due to the yielding of metals has to be considered. 

Early tests in Germany were made by Maier-Leibnitz* who showed that 
the ultimate capacity was not affected by settlement of supports of 
continuous beams. In so doing he corroborated the procedures pre- 
viously developed by others for the calculation of maximum load capa- 
city. The efforts of Van den Broek^ in USA and J. F. Baker'-io and 
his associates in Great Britain to utilize actually the plastic reserve 
strength as a design criterion are well known. Progress in the theory 
of plastic structural analysis (particularly that at Brown University) 
has been summarized . by Symonds and Neal'. 

6.3 For more than ten years the American Institute of Steel Construc- 
tion, the Welding Research Council, the Navy Department and the 
American Iron and Steel Institute have sponsored studies at Lehigh 
University*'*'*. These studies have featured not only the verification 
of this method of analysis through appropriate tests on large structures, 
but have given particular attention to the conditions that should be 
met to satisfy important secondary design requirements. 

6.4 Plastic design has now ' come of age '. It is already a part of the 
British Standard specifications and numerous structures both in Europe 
and North America have been constructed to designs based upon the 
plastic method. IS: 800-1962* permits the use of Plastic Theory in 
the design of steel structures (see UJi.l of IS: 800-1962*). 
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SECTION B 
JUSTIFICATION FOR PLASTIC DESIGN 



7. WHY PLASTIC DESIGN 

7.1 What is the justification for plastic design ? One could reverse the 
question by askuig, ' why use elastic design ?' If the structure will 
support the load and otherwise meet its intended function, are the 
magnitudes of the stresses really important ? 

7.2 It is true that in simple structures the concept of the hypothetical 
yield point as a limit of usefulness is rational. This is because the 
ultimate load capacity of a simple beam is but 10 to 15 percent greater 
than the hypothetical yield point, and deflections start increasing very 
rapidly at such a load. While it would seem logical to extend elastic 
stress analysis to indeterminate structures, such procedures have tended 
to overemphasize the importance of stress rather than strength as a 
guide in engineering design and have introduced a complexity that now 
seems unnecessary for a large number of structures. 

73 Actually the idea of design on the basis of ultimate load rather than 
allowable stress is a return to the realistic point of view that had to be 
adopted by our forefathers in a very crude way because they did not 
possess knowTedge of mathematics and statics that would allow them 
to compute stresses. 

7.4 The introduction of welding, of course, has been a very real stimulus 
to studies of the ultimate strength of frames. By welding it is possible 
to achieve complete continuity at joints and connections — and to do 
it economically. The full strength of one member may thus be trans- 
mitted to another. ^ 

7JS It has often been demonstrated that elastic stress anal3rsis cannot 
predict the real stress-distribution in a building frame with an3rthi)ag 
Uce the degree of accuracy that is assumed' in the design. The work 
done in England by Prof. Baker and his associates as a forerunner to 
their ultimate strength studies clearly indicated this. 

7.6 Examples of 'imperfections' that cause severe itregularity in 
measured stresses are: differences in beam-oolumn connection fit-up and 
flexibility, siureadiag of- supports, sinking of suppoi^s, residual stresses, 
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flexibility assumed where actually there is ri/Ejidity (and vice-ven*), 
and points of stress concontration. Such factors, however, usually do 
not influence the maximum plastic strength. 

7.7 Asstiming that str,ess is not the most rational design criteria, in order 
to justify our further consideration of maximum strength as the design 
criteria there must be other advantages. There are two such advantages", 
economy and simplicity. 

7.8 Since there is considerable reserve of strength beyond the elastic 
limit and since the corresponding ultimate load may be computed quite 
accurately, then structural members of smaller size will adequately 
support the working loads when design is based on maximum strength. 
Numerous demonstrations of this will be made later in this handbook. 

7.9 The second feature was ' simplicity '. An analysis ba^ed ujwn 
ultimate load possesses an inherent simplicity because the elastic con- 
dition of continuity need no longer be considered. This was evident 
from a consideration of the three-bar truss in Section A (Fig. 6) and the 
examples of Section D will demonstrate this further. Aiso the ' imper- 
fections ' mentioned above usually may be disregarded. 

7.10 As already mentioned the concept is more rational. By plastic 
analysis the engineer can determine with an accuracy that far excoeds 
Ids presently available techniques the real maximum strength of a 
structure. Thereby the factor of safety has more real meaning than at 
present. It is not unusual for the factor of safety to vary from \'65 up 
to 3 or more for structures designed according to conventional elastic 
methods. 

7.11 Thus the application of plastic analysis should be considered 
seriously because it provides a less-expensive structure, it is a similar 
design office technique, and it constitutes a rational design basis. Fur- 
ther, these concepts are verified by tests and (as we shall now see) they 
have been used consciouisly or unconsciously in conventional design 
practice. 



8. INADEQUACY OF STRESS AS THE DESIGN CRITERIQN 

8.1 The question immediately arises, will it not be possible siinply to 
change the allowable stress and retain the present stress concept ? While 
theoretically possible, the practical answer is ' no '. It would mean a 
different working stress for every type of structure and would vary for 
different loading conditions. 

8J To a greater extent tlian we may realize, the maximum strength of 
a structure lias always been the dominant design criteria. Wbim tkd 
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pemoissible working stress of 1 400 kg^cm* has led to designs that wore 
consistently too conservative, then that stress has been changed. Thus 
the benefits of plasticity have been used consciously or unconsciously 
in design. It is also evident to most engineers that present design pro- 
cedures completely disregard local over-stressing at points of stress- 
concentration like bolt holes, notches, etc. Long experience with 
simUar structures so designed shows that this is a safe procedure. Thus, 
the stresses that are calculated for design "purposes are not true 
maximum stresses at all, they simply provide an index for structural 
design. 

8.3 A number of examples will now be given in which the ductility of 
steel has been counted upon (knowingly or not) in elastic design. It 
should be borne in mind that plastic analysis has not generally been 
used as a basis for determining these particular design rules and as a 
result the so-called elastic stress formulas have been devised in a rather 
haphazard fashion. A rational basis for the design of a complete 
steel frame (as well as its details) can only be attained when the 
maximum strength in the plastic range is adopted as the design 
criterion. 

8.4 Such examples are the following and are listed in two categories: 
(a) factors that are neglected because of the comfMsnsating effect of 
ductility; and (b) instances in which the working stresses have been 
revised because the ' normal ' value was too conservative. Several 
examples of each are given: 

a) Factors that are neglected: 

1) Residual stresses (in the case of flexure due to cooling after 
rolling) ; 

2) Residual stresses resulting from the cambering of beams; 

3) Erection stresses; 

4) Foundation settlements; 

5) Over-stress at points of stress-concentration (holes, etc); 

6) Bending stresses in angles connected in tension by one 1^ only; 

7) Over-stress at points of beaiing; 

8) Non-uniform stress-distribution in splices, leading to design 
of connections on the assumption of a uniform distribution 
of stresses among the rivets, bolts, or welds;" 

9) Difference in stress-distribution arising from the ' cantilever ' 
as compared with the 'portal' method of wind stress 
analysis; 
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10) IS: 800-1962 spedfies the following values for bending stresses: 

1 650 kgf/cm* for rolled sections, 
1 575 kgf/cm' for plate girders, and 
1 890 kgf/cm* in flat bases. 

b) Revisions in working stress due to reserve plastic strength: 

1) Bending stress of 2 109 kgf/cm* (or 30 ksi) in round pins (in 
AISC specification); 

2) Bearing stress of 2 812 kgf/cm* (or 40 ksi) on pins in double 
shear ; 

3) Bending stress of 1 687 kgf/cm* (or 24 ksi) in framed struc- 
tures at points of interior supports; 

4) Bending stress of 1 650 kgf/cm* and 1 575 kgf/cm* for rolled 
sections and plate girders respectively (in IS: 800-1962*); 
and 

5) Bending stress of 1 890 kgf/cm* in slab bases (in IS: 800-1962*). 

Consider Item (a) (1) for example; All rolled members contain 
residual stresses that are formed due to cooling after rolling or due to 
cold-straightening. A typical wide flange shape with a tj^ical residual 
stress pattern shown in Fig. 7. When load carrying bending stress^ 
are applied, the resulting strains are additive to the residual strains 
already present. As a result, the ' final stress ' could easily involve 
yielding at working load. In the example of Fig. 7, such yielding has 
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Fig. 7 Residual Stresses in a Rolled Beam Section 



*Code of practice for use of stnictura) steel in general building constructioa 
(rnittd). 
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oocotred both at the compression flange tips and at the centre of the 
tension flange. Thus, it is seen that cooling residual stresses (whose 
influence is neglected and yet which are present in all rolled beams) 
cause yielding in the flange tips even below the working load. 

8.5 Structural members experience yield while being straightened in 
the mill, fabricated in a shop or forced into position during eilection. 
Actually, it is during these three operations that ductility of steel 
beyond the yield point is called upon to the greatest degree. Having 
permitted such 5aelding in the mill, shop and field, there is no valid 
basis to prohibit it thereafter, provided such yield has no adverse effect 
upon the structure. As an illustration of item (a) (3) in the list in 8.4, 
Fig. 8 shows how erection forces will introduce bending moment into a 
structure j>rior to the application of external load {see first line for P = 0). 
Although the yield-point load is reduced as a result of these ' erection 
moments ' (in the second line of the figure, the yield-point load has been 
reached for case 2), there is no effect whatever on the maximum strength. 
The reason for this is that redistribution of moment followed the onset 
of yielding at the corners (case 2) until the plastic moment was reached 
at the beam centre; therefore, the ultimate load moment diagrams for 
cases 1 and 2 are identical. 

8.6 Consider, next, the design of a riveted or bolted joint [Item (a) (8) 
in 8.4]. The common assumption is made that each fastener carries the 
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same shear force. This is true only in the case of two fasteners. WhMi 
more are added (Fig. 9), then as long as the joint remains clastic, the 
outer fastncrs should carry the greater i>ortion of the load. For exaunple, 
with four rivets, if each rivet transmitted the same load, then, between 
rivets C and D one plate would carry perhaps three times the force in 
the other. Therefore, it would stretch three times as much and would 
necessarily force the outer rivet D to carry more load. The actual 
forces would look something like these shown under 4he heading ' Elastic '. 
What eventually happens is that the outer rivets yield, redistributing 
forces to the inner rivets until all forces are about equal. Therefore, 
the basis for design of a rivet joint is really its ultimate load and not the 
attainment of first yield. 

8.7 A ' revised working stress ' example [see Item (b) (1) in 8.4] is shown 
in Fig. 10 and is concerned with the design of a round pin. In a simple 
beam with wide flanges, when the maximum stress due to bending reaches 
the yield point, most of the usable strength has been exhausted. How- 
ever, for some cross-sectional shapes, much additional load may be 
carried without excessive deflections. The relation between bending 
moment and curvature for wide flange and round beams is shown in Fig. 10. 
The upper curve is for the pin, the lower for a t3T>ical wide flange beam, the 
non-dimensional plot being such that the two curves coincide in the 
elastic range. The maximum bending strength of the wide flange beam 
is M4 My, whereas that of the pin is 1-70 My. The permissible design 
stresses (for steel with yield stress 36 ksi) according to specifications 
of the American Institute of Steel Construction are 1 550 kgf/cm» (or 
22 ksi) for the wide flange beam and 2 320 kgf/cm* (or 30 ksi) for the 
round pin. 
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Fig. 9 Redistribution of Shear in the Fasteners of a Lap Joint 
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Fig. 10 Maximum Strength of a Round Pin Compared with that 
OF A Wide Flange Beam 



Expressing these stresses as ratios of yield point stress: 

„,.. ^ «„ 1550 „,, 

Wide flange: — = -— — = 0-61 
^ o« 2 530 



Pin: 



5? ^^^ 
^ "" 2 530 



= 0-91 



For a simply-supported beam the stresses, moments, and load all bear 
a linear relationship to one another in the elastic range and thus: 
P ^ o_^M_ 

Py Oy My 

Therefore, the moment at allowable working stress {M^) in the wide 
flange beam is 0-61 Af,; for the pin, on the other hand, M„= 0-91 My, 
What is the true load factor of safety for each case ? 



Wide flange :F 



Pin: 



F = 






Uui 



M„,, ^ M4 M, _ 
Af, 061 My 

1-70 M 



91 M. 



^=1-87 



The exact agreement between the true factors of safety' with respect to 
ultimate load in the two cases, while somewhat of a coincidence. Is indi- 
cative of the influence of long years of experience on. the part of engineers 
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which has resulted in different permissible working stresses for various 
conditions resulting in practice. Probably no such analysis as the 
foregoing influenced the choice of different unit stresses that give identical 
factors of safety with various sections; nevertheless, the choice of such 
stresses is fully justified on this basis. When years of experience and 
common sense have led to certain empirical practices these practices are 
usually justified on a scientific basis. 

8.8 Permitting a 20 percent increase in the allowable working stress at 
points of interior support in continuous beams represents another case 
in which both experience and a ' plastic analysis ' justify a revision in 
working stresses. 



9. EXPERIMENTAL VERIFICATION 

9.1 In the previous clauses some of the important concepts of the plastic 
theory are described. How well does structural behaviour bear out the 
theory ? Do structures really contain the ductility assumed ? If we 
test a ' full size ' structure with rolled members will it actually carry the 
load predicted by plastic analysis ? 

9.2 The important assumptions made with regard to the plastic beha- 
viour of structures are recapitulated in Fig. 11). In Lecture 4 of 
Rcf 12 [see Appendix A), the experimental confirmation of these assump- 
tions is given, demonstrating the ductility of steel, the development of 
plastic hinges in beams and connections, and redistribution of moment. 
In the last analysis, the most important verification of plastic theory is 
that given by the results of full-scale tests and some of these will now 
be presented. 

93 Typical structures were tested both in USA and other countries. 
The structure carried the predicted ultimate load, the load-deflection 
curve being shown in Fig. 12. 

9.4 Further tests conducted on frames fabricated 'from rolled sections 
have shown that the actual strength of even the weakest structure was 
within 5 percent of its predicted ultimate load an agreement much better 
than obtained at the so-called ' elastic limit •«.w,io,89,4o,4i_ j^ tests on 
beams with three supports, applying the vertical load, the central support 
was raised until the yield point was first reached, with the result that 
apphcation of the first increment of external load caused the structure 
to 5deld. In spite of this, the computed ultimate load was attained. 
In the tests conducted on pinned and fixed basis and with flat, saw 
tooth and gabled roofs, the ultimate load computed by the plastic 
theory was reached and in numerous cases it exceeded**'**-". 
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Fig. 11 Assumptions Made in Regard to Plastic 
Behaviour of Structures 



10. THE CASE FOR PLASTIC DESIGN 

10.1 As summarized in the preceding paragraphs the results of testa have 
verified the theory of plastic analysis. Is the engineer now justified in 
giving further attention to the method of plastic analysis, in studying 
it, and in applying it to the appropriate design problems ? The answer 
is ' yes'. 

The case for plastic design is illustrated by the following observa- 
tions: 

a) The reserve in strength above conventional working loads is 
considerable in indeterminate steel structures. Indeed, in some 
instances as much load-carrying capacity is disregarded as is 
used in conventional design. 
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Fig. 12 Load-Deflection Curve of a Test Frame 



b) Use of ultimate load as the design criterion provides at least 
the 5Kvme margin of safety as is presently afforded in the elastic 
design of simple beams (Fig. 1). 

c) At working load the structure is still in the so-called elastic range 
(Fig. 1). 

d) In most cases, a structure designed by the plastic method will 
deflect no more at working load than will a simply-supported 
beam designed by conventional methods to support the same 
load (Fig. 1). 

e) Plastic design gives promise of economy in the use of stoel, of 
savings in the design office by virtue of its simplicity, and of 
building frames more logically designed "for greater over-all 
strength. 

It is important to bc&r in mind that dependence may be phoed 
upon the maximum plastic strength only when proper AttantKMi is jpv«n 
to ' details '. These are the secondary design considiera4lons nraRtiaaMd 
earlier and treated in Section E. 
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SECTION C 
FLEXURE OF BEAMS 

11. ASSUMPTIONS AND CONDITIONS 

I 

11.1 Certain of the fundamnntal concepts of plastic analysis were pre- 
sented in Section A {see 31 and 4). The examples there, however, were 
limited to cases of simple tension and compression. The next objective 
is to dotenninc how a beam deforms beyond, the elastic limit under the 
action of Iiendinp; moments, that is, to determine the moment-curvature 
(Af — ^) relationship. 

The assumptions and conditions used in the following development are: 

a) strains arc proportional to the distance from the neutral axis 
(piano S(sctions under bending remain plane after deformation). 

b) the stress-strain relationshii> Ls idcaliztKl to coasistof two straight lines: 

a==E (0<«€,) \ ,q. 

a = cTy (ey<€<ao)f •• - •- •••^^' 

The complete stress-strain diagram is shown in Fig. 4 and 
is shown in an idealized form in Fig. 2. The properties in 
compression are assumed to bo the same as those in tension. 
Also, the behaviour of fibres in bending is the same as in tension. 

c) The equilibrium conditions arc as given by Eq (10): 
Normal force: P= | ad A | ... 

Y"" \ ...(10) 

Moment: Af = | adA.y J ... 

J Area J 

where a is the stress at distance y from the neutral axis. 

d) Deformations are sufficiently small so that ^ = tan ^ (^ = 
curvature). 

12. BENDING OF RECTANGULAR BEAM 

13.1 The moment-curvature relationship in the plastic range and the 
Jiagnitude of the maximum plastic moment are developed by following 
the same processes as in (Mastic analysis, tliat is, consider the deformed 
structure and obtain the corresponding curvature and moment. The 
developm^it of strain and stress distribution as a rectangular beam is 
bent in successive stages beyon<) the elastic limit (Stage 1) and up to 
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Fig. 13 Plastic Bending of Rectangular Beams 

the plastic limit (Stage 4) is shown in Fig. 13. The strain distribution 
is first selected or assumed and this fixes the stress-distribution. 

12.2 Let us now trace the stages of yield stress penetration in a rect- 
angular beam subjected to k progressive increase in bending moment. 
At the top of Fig. 13 is replotted for reference purposes the stress-strain 
relationship. At Stage 1, as shown in the next line of Fig. 13, the strains 
have reached the yield strain. When more moment is applied (say to 
Stage 2), the extreme fibre strains are twice the elastic limit value. The 
situation is similar for Stage 3 {tumx = 4«y). Finally, at Stage 4 the 
extreme fibre has strained to e^- 

12.3 What are the stress distributions that correspond to these strain 
diagrams ? These are shown in the next line of Fig. 13. As long as the 
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strain is greater than the yield value «y, as could be noticed from the stress- 
strain curve that the stress remains constant at Oy. The stress distri- 
butions, therefore, follow directly from the assumed strain distributions. 

As a limit we obtain the ' stress block ' — ■ a rectangular pattern which 
is very close to the stress distribution at Stage 4. 

A new term introduced in Fig. 13 is the curvature. This is the 
relative rotation of two sections a unit distance apart. According to 
the first assumption (as in elastic bending): 

= 1=1 = .£- ... ... (11) 

p jy E.y 

where P = radius of curvature and «, the strain at a distance y from the 
neutral axis. Just as it is basic to the fundamentals of elastic analysis, 
the relationship of bending moment to this curvature, ^, is a basic 
concept in plastic analysis. 

The expressions for curvature and moment (and, thus, the resulting 
M—j> curve) follow directly from Fig. 13. Curvature at a given stage 
is obtained from a particular stress-<listribution*. The corresponding 
moment-value is obtained by integration of stress-areas. The derivation 
of expressions for curvature and moment now follow. 

Stage 2 of the example shown in Fig. 13 is shown in Fig. 14. From 
Eq 11 the curvature thus becomes: 



^ 



Eyo 



...(12) 



where y, is the ordinate to the neutral axis to the farthest still elastic 
fibre. 

To compute the bending moment for this same Stage 2, the stress 
distribution of Fig. 14 is divided into parts in Fig. IS. The moment of 
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*Bven though curvaturo is a moasure of strain distribution, the stieas-distribatkm 
diacnun ia used, since in the clastic range, the stress varies linearly with strain. 
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Fig. 15 Stress Elements of a Partially Plastic Design 

resistance may thus be considered as being made up of an clastic ((t,S,) 
and a plastic part [oyZp), or: 

M = aySt-\-ayZp = ayS,-\-ayZ—<SyZt ... ...(13) 

where the subscripts ' e ' and ' p ' refer to the elastic and plastic portions 
of the cross-section, respectively. 

Equation 13 may also be derived directly from Eq 10. Referring to 
Fig. 14: 

M=^{ adA.y 

= 2 a.bdy.y+2\ a,.bdy.y = 2\ Oy.l-.bdy.y+2\ a^bdy.y 

Jo Jyg Jo yo Jy^ 

l^'y^.hdy 



= Oy 



em 
+o,2 y.Uy 

JVo 



...(13a) 



yo 

The quantity Z is a property of a cross-section that corresponds in 
importance to the section modulus, S. It is called the plastic modulus, 
and (for symmetric sections) represents twice the statical moment 
(taken about the neutral axis) of the plastic section area above or below 
that axis. General methods for computing Z will be discussed later. 

For the rectangular section, necessary values for section modulus, 
S, and plastic modulus, Z for use in £q 13 arc: 

z, = z-z, 

Z ■= . ••• ... ... •••(14) 
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Thus, the bending moment in terras of Z is given by: 

M=<T,(z_^) (") 

The maximum moment is obtained when the elastic part is reduced to 
zero or: 

Mp = OyZ ... ... ... ...(16) 

Mp is called the ' plastic moment '. 

From the equations just derived for curvature and moment, we are 
now in a position to write the desired moment -curvature relationship. 
In terms of y^, then: 

M = OylZ T-1 ... ... ...(17) 

In terms of ^, using Eq 12: 



M = ay (^Z- 3^^,) (^y < 4' «») 



.(19 



The following non-dimensional relationship is obtained by dividing both 
sides of Eq 18 by My = oyS: 



My- 2 L 3 (^) J 



(19) 



The resulting non-dimensional Af— ^ curve for a rectangle is shomi in 
Fig. 16, The numbers in circles in Fig. 16 correspond to ' stages ' of 
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Fig.- 16 Non-Dimension al Moment-Curvature Relationship vob 

Rectangular Beam 
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Fig. 13. Stage 4, approached as a limit, represents complete plastic yield 
of the cross-section, where Mp = oyZ. Note that there is a 50 percent 
increase in strength above the computed elastic limit (Stage 1) due to 
this ' plastification ' of the cross-section. This represents one of the 
sources of reserve strength beyond the elastic limit of a ligid frame. 

The ratio of the plastic moment (Mp) to the yield moment (My), 

representing the increase of strength due to plastic action, will be a 

function of the cross-section form or shape. Thus the ' shape factor ' 
is given by: 



. Mp OyZ Z 

^'^My-^-'S 



.(20) 



For the rectangular beam being considered, / = -^ -f -^ = 1-50 as 
indicated in Fig. 16. 4 o 

13. BENDING OF WIDE FLANGE BEAM 

13.1 The action of a wide flange beam under bending moment is dia- 
grammatically shown in Fig. 17. If it is ;issumcd that all of the material 
in a wide flange shape is concentrated in the flanges then (when the 
elastic limit is reached) the compression flange shortens at constant load 
and the tension flange lengthens at constant load. The resulting 
moment is, therefore, constant; the member acts just like a hinge except 
that deformation occurs under constant moment (the plastic-hinge 
moment). 

13.2 A more realistic picture of the moment-curvature relationship of 
a wide flange shape is shown in Fig. 18. Point 1 is the clastic limit; at 
Point 2 the member is partially pkstic and at Point 3 the cross-section 
approaches a condition of fiUl plastic yield. 




o 

U — 4-u 



PLASTIC HINGE (M>Mp) 



UNIT LENGTH 

ACTUAL HMGE (M.O) 



^ 



Fig. 17 Ii^AUZEo Moment-Curvatube Relationship for Wide 

Flange Beam 
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Fig. 18 Typical Theoretical Moment-Curvature Relationship of 

Wide Flange Beam 



The magnitude of the moment, Mp, may be computed directly from 
the stress distribution shown for Point 3. As shown in Fig. 19 it is 
equal to the couple created by the tensile and compressive forces. The 
moment due to each of these forces is equal to the product of the yield 
stress, Oy, and the area above the neutral axis {Ajl) multiplied by the 
distance y measured to the centre of gravity of that area. 
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Thus: 



Mp=2 Oy-J )! = OyA^ 



.(21) 



The quantity Ap is called the ' plastic modulus ' and is denoted by Z ; 
therefore, as before, 

Mp=ayZ ... ... ...(16) 

The plastic modulus, Z, is thus equal to the combined statical moments 
of the cross-sectional areas above and below the neutral axis, since the 
stress at every point on these areas is the same. 

The moment-curvature relationship may be developed for wide- 
flange shapes by tho Kimc procedure as outlined for a rectauRular cross- 
section. Due to variation of width of section with deptli, separate 
expressions arc nccessiiry when yielding is limited to the flanges and 
when yielding lias penetrated to the web. 

For Case 1, in which the yield zone has penetrated part way through 
the flanges (Fig. 20), the non-dimensional M—<fi curve becomes: 

Af _0 

My <f>y X 

</. rf/2 



( 






) 



...(22) 



*<^, <(rf/2-0 



For Case 2, in which yielding has )>fnetrateil through the fl;inges and into 
the web (Fig. 21), the non-dimeusional M—<f> curve becomes: 

M 

M. 






( dl2 ^^ \ 



...(23) 



iLU 







Fig. 20 Plastic Stress Distribution in Wide Flange Beam 
Case 1: Partial Yielding 
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Fig. 21 Plastic Stress Distribution in Wide Flange Beam — 
Case 2: Partial Yielding 



The curve resulting from E<i 22 and 23 is shown in Fig. 18 for a 
typical wide flaugo shai>c. (Tho strcjss-distrilnitions correspond to the 
numlxircd points on the; M—<f) cnrvc.) It will be noted that the sliapc 
factor is smaller than for tht> rectangle (compare Fig. 16), the average 
value of '/' ^'"^ ^^1 wide tlangc beams being 1-14. Conespondingly 
there is a more rapid approai,-h to Mp whtMi (Compared with rectan^e. 
.\s a matter of (act when the curvature is twice the elastic limit value 
(Stage 2 of Fig. 18) the moment has reached to within 2 percent of the 
(uU Jl//, -value. 

14. PLASTIC HINGE 

14.1 The reason a structure will support the computed ultunate load is 
tliat plastic hinges are formed at certain critical sections. What is the 
pla.stic hinge ? What factors influence its formation ? What is its 
importance ? ' 

The M—^ curve Ls cliaracteristic of the plastic hinge (Fig. 18). Two 
features are particularly important: 

a) the rapid approach to M=-Mp = ayZ; and 

b) the indefinite increase in f at constant M^ 

An idealized M—^ curve is obtained by assuming (for a wide flange 
shape) that all of the material is concentrated in the flanges as shovm 
in Fig. 17. The behaviour shown there is of basic importance to plastic 
analysis. Aocording to it, the member remains elastic until the moment 
reaches M^ Thereafter, rotation occurs at constant moment; that is, 
the member acts as if it were hinged except with a constant restraining 
moment, M'p. This, then, is the plastic hinge. 

According to the idealization of Fig. 17, plastic hinges form at 
discrete points of zero length. Actually the hinge extends over that part 
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of the beam whose bending moment is greater than M*. That length 
is dependent on the loading and geometry. It is justified to neglect this 
' distribution ', however, and the length of hinge is assumed_io be zero. 
Closely related to the plastic hinge is the plastic modulus, Z. It has 
already been defined for the symmetrical sections as twice the statical 
moment about the neutral axis, of the half sectional area. As noted 
earlier, Z = Ay. For wide flange beam shapes, the quantity y may be 
determined directly from the properties of split tees and thus: 



^wide 



flange 



-0— ) 



.(24) 



where y^ is the distance from the flange to the centre of gravity. 

The shape factors, already defined as / = Z\S, varies for wide flange 
shapes from 1-09' to 1-22. The mode is M2 and the average is 1-14 for 
I shapes. Examples of the ratio of Z/S = / for symmetrical shapes other 
than the wide flange are shown in Fig. 22 and 23. 

For sections with symmetry only about an axis in the plane of 
bending, the neutral axis at the plastic moment condition follows directly 
from Eq 10. The general definition for Z is ' The combined statical 
moments of the cross-sectional areas above and below the neutral axis '. 
Since P = 0, and «T = ay, for equilibrium the area above the neutral 
axis should equal that below. Thus, f > r a trianguliir-section in Fig. 22 
the clastic neutral axis is at a distance of 2/3rf from the toe, while the 
plastic ' neutral axis is at a distance of i\/2- 



! 1 




Fig. 22 Neutral Axis of a Triangular Section 
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Fig. 23 Shape Factors of Common Symmetrical Sections 
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In addition to the shape factor whdse influence on strength has 
already been described, several other factors influence the ability of mem- 
bers to form plastic hinges. Some of these factors are important from 
the design point of view (such as shear, axial force, instability) and are 
treated in Section E. Others are primarily of academic 6iterest in so far 
as routine design applications are concerned. Factors affecting the 
bending strength and stiffness of beams have been listed in Chapter 2 of 
Ref 9 {see Appendix A) with further reference being made to other 
sources of information on each factor. 

The following definitions or principles briefly summarize this clause 
and are important to a later understanding of plastic cinalysis: 

a) A plastic hinge is a zone of yielding due to flexure in a structural 
member — Although its length depends on the geometry and 
loading, in most of the analytical work it is assumed that all plastic 
rotation occurs at a point. At those sections where plastic hinges 

are located, the member acts as if it were hinged, except with a cons- 
tant nstraining moment Mp, (Kit;. 17). 

b) Plastic hinges form at points of maximum moment — ■ Thus in a 
framed structure with prismatic jiieilib'ers, it would be possible 
for ]>lastic hinf;(;s to form at points of concentrated load, at the 
end of each memlier meeting at a connection involving a change 
in geometry, aiul at tlu; point of z(;ro shear in a span under dis- 
tributed load. 

c) The plastic moment, Mp, cq\ials OyZ. 

d) The sliapc factor (/= Z/5— ■■'^ J is one source of reserve strength 

beyond the clastic limit. 

Application of the plastic hinge concept to analysis is illustrated 
in 15. 

15. REDISTRIBUTION OF MOMENT 

15.1 The second factor contributing to the reserve of strength is called 
' redistribution of moment ' and is due to the action of the i)lastic lunges. 
As load is added to a structure eventually tlie plastic moment is reached 
at a critical section — the section that is most highly stressed in the 
"■lastic range. As further load is added, this plastic moment value is 
maintained while the section rotates. Other less higWy-stressed section^ 
mauitain equihbiium with the increased load by a proportionate increase in 
moment. This process of redistribution of moment due tp the successive 
formation of plastic hinges continues until the ultimate load is reached. 

15.2 This is exactly the process tlut took place in the case of the three- 
bar truss of Fig. 6 except that tensile forces instead of moments were 
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involved. When the force in Bar 2 reached the yield condition it re- 
mained constant there while the forces continued to increase in Bars 1 
and 3. The ultimate load was reached when all critical bars became 
plastic. 

15^ The phenomenon of redistribution of moment will now be illustrated 
with the case shown in Fig. 24, a fixed ended beam with a concentrated 
load off-centre. As the load P is increased the beam reaches its elastic 
limit at the left end (Stage 1). The moments at sections B and C are 
less than the maximum moment. Note that in this example we will con- 
sider the idealized Af— ^ relationship as shown in the lower left-hand 
portion. (The dotted curve shows the more ' precise ' behaviour). 

As the load is further increased, a plastic hinge eventually forms at 
Section B. The formation of the plastic hinge at A will permit the 
beam to rotate there without absorbing any more moment. Referring 
to the load-deflection curve immediately below the moment diagrams 
the deflection is increasing at a greater rate. 




STAGE 1 



STAGE 2 



STAGE 3 



t 

H 




^ 



tf.* 




* — *" DEFLECTION 

Fig. 24 Rk-Distribution of Moments 
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EventoaUy, at Stage 3, when the load is increased sufficiently to 
fonn a plastic hingie at Point C, all of the available moment capacity of 
the beam will have been exhausted and the ultimate load reached. 

It is evident from the load-deflection curve shown in the lower part 
of the figure that the formation of each plastic hinge acts to remove one 
of the indeterminates in the problem, and the subsequent load-deflection 
relationship will be that of a new (and simpler) structure. In the elastic 
range, the deflection under load can be determined for the completely 
elastic beam. Starting from Point 1 the Segment 1-2 represents the 
load-deflection curve of the beam in sketch b loaded within the elastic 
range. Likewise the load-deflection curve of the beam in sketch c looks 
similar to the portion 2-3. 

Beyond Stage 3 the beam will continue to deform without an increase 
in load just like a liiik mechanism if the plastic hinges were replaced by 
real hinges. This situation is called a -' mechanism ' in the somewhat 
special condition that motion is possible without an increase in load. 

Two further fundamental concepts in addition to the four listed 
in 14 are in summary of this clause and are demonstrated by Fig. 24: 

a) The formation of plastic hinges allows a subsequent redistribution 
of moment until Mp is reached at each critical (maximum) 
section. 

b) The maximum load will be reached when a sufficient number of 
plastic hinges have formed to create a mechanism. 

On the basis of the principles just discussed one may readily visua- 
lize how to compute the ultimate load: Simply sketch a moment diagraiji 
such that plastic hinges are formed at a stifficient number of sections to 
allow ' mechanism motion '. Thus in Fig. 25, the bending moment dia- 
gram for the uniformly-loaded, fixed-ended beam would be drawn such 



rWu» wl 



WuL, 



^^^ 1 — »m.2»^ 



FiG. 25 Moment Diagram at Various Stages for Fixed-Ended Beam 
WITH Uniformly Distributed Load 
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that Mp is reached at the two ends and the centre. In this way a 
mechanism is formed. By equilibrium: 

^* L 
How does this compare with the load at first yield ? At the clastic 
limit {see dotted moment-diagram in Fig. 25) we know from a considera- 
tion of continuity, that the centre moment is one-half the end moment. 
Thus: 

Therefore, the reserve strength due to redistribution of moment is: 

W; "' 'iZMjL "3 My 

Considering the average shape factor of wide flange beams, the total 
reserve strength due to redistribution and sliape factor (plastiiication) 
is: 

W 4 
^==3X1.14 = 1.52 

For this particular problem, then, the ultimate load was 52 percent 
greater than the load at first yield, representing a considerable margin 
that is disregarded in conventional design. 

There are other methods for analyzing a structure for its ultimate 
load, in particular the ' Mechanism Method ' (to be described later) which 
starts out with an assumed mechanism instead of an assumed moment 
diagram. But in every method, there are always these two important 
features : 

a) the formation of plastic hinges, and 

b) the development of a mechanism. 

With these fundamental concepts regarding the mechanical pro- 
perties of steel and the flexure of beams we are now in a position to 
examine the methods of plastic analysis. 
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SECTION D 
PLASTIC ANALYSIS 



16. FUNDAMENTAL PRINCIPLES 

16.1 With the evidence pr(«?«nted in Section B that fuIl-si?:o structures 
behave as predicted by plastic theory and having considered in Si-clion C 
the plastic behaviour of beams, we mav now proceed to ,i consideration 
of the method*? of plastic analysis. The •objoctis-e of ihis Section is to 
describe briefly the fundamental primiples up»n wUi<-h plastic analysis 
rests and then to describe how theso piincipli's avc usivl in an dvv.ing 
continuous Ixams and frames. 

The basis for computing the 'ultimate load' (or maximum plastic 
strength) is the strength of steel in the plastic rangi\ As shown in ^. 
stnictural stct;! has the ability to deform plasticallv' ;ifter lh<; yi<'ld-|>oint 
is reached. The resulting Hat stress-strain characteristic assures di'i>eii(J 
able plastic strength, on the one hand, and provides an effectiv(^ ' limit ' 
to the strcnj^tli of a given cross-section making it indii)>inidcnt of further 
deformation. Thus, when certain parts of a structure reacli Ihc yield 
stress, thev maintain that stress wliile other lftss-hit;ldy strciscd |>avt 
deform until they, too, roach the yiidd coiulition. Siut:.' all ciiticiJ sec- 
tions eventually reach the jaeld condition, the aualv-is is i:onsidenibly 
simplified because only this fact need be considered, ll is not of interest 
how the stresses are redistributed; we should only ascertain that thus 
did. We are thus freed from the often laborious calculitious «h.a i .iul; 
from the necessity of considering the 'continuity' CHulitioiis that ai< 
essential to elastic analysis. 

While elastic and plastic analysis were compared at ilie outset in 2 
from the design i)oint of view, it is of .interest now, lo coini>arr tlicMi 
as regards to the fumlamental conditions satisfied by c;ich. 

Whatever method of plastic analysis is used, it should svtisfv the 
following three conditions that may he deduced from whit has been ui I 
in 15: 

a) Mechanism condition (idtimate load is rea(;hrtd whei) a lUichi 
nism forms), 

b) Equilibrium condition (the structure must be in o([uili!)vniin), 
and 

c) Plastic moment condition (tiw; moment may nowhere be. [^reiter 
than Mp). 
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Actually these conditions are similar to those in elastic analysis which 
requires a consideration of the continuity, the equilibrium and the limiting 
stress conditions. The similarity is demonstrated in Fig. 26. With 
regard to continuity, in plastic analysis, the situation is just the reverse. 
Theoretically, plastic hinges interrupt continuity, so the requirement 
is that sufficient plastic hinges form to allow the structure (or part of it) 
to deform as a mechanism. This could be termed a mechanism condi- 
tion. The equilibrium condition is the same, namely, the load should 
be supported. Instead of initial yield, the limit of usefulness is the 
attainment of plastic hinge moments, not only at one cross-section but 
at each of the critical sections; this will be termed a plastic moment 
condition. 

As will be discussed further, two useful methods of analysis take 
their name from the particular conditions being satisfied: 



a) Mechanical Method 



■ satisfies < 



b) Stoticd (Equilibrium) Method satisfies 



^Mechanical condition 



>Equilit>rium condition 



^Plastic moment 
condition 



In the first method, a mechanism is assumed and the resulting equilibrium 
equations are solved for the ultimat«: load. This v.-due is only correct 
if the plastic moment conditio7i is also satjsfi<'d. On the other hami, in 
the statical or 'equilibrium' method, an equilibrium momcsut dia^ruin 
is drawn such that M < Mp. Th<; resulting uhimate load is only 
the correct value if sufficient plastic hinges were assumed to creat«> a 
mechanism. 
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f'lr,. 26 Conditions for Elastic and Plastic Analysis 
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Having considered these three necessary and sufficient conditions, 
it will next be of interest to exanaine certain additional principles and 
assumptions upon which the plastic methods rest. Although the plastic 
design procedures do not require a direct use of these principles (or 
assumptions) they will be stated for background purposes. 

a) Virtual Displacements 

The principle of virtual displacement^ is as follows*: 

If a system of forces in equilibrium is subjected to a virtual 
displacement, the work done by the external forces equals the 
work done by the internal forces. 

This is simply a means of expressing an ccjuilibrium condition. If the 
internal work is called Wi and the external work is called We, we may 

write : 

We^W, ... ... ...(25) 

Application of this equation will he demonstrated in 18. 

b) Upper and Lower Bound Theorems 

It is not f;onerally possible to solve all three of the necessary oondi- 
tjons (mechanism, equilibriimi and plastic moment) in one operation. 
Although the Equilibrium condition will always be satisfied, a solution 
arrived at on the basis of an assumed mechanism will give a load-carrying 
capacity that is either correct or too high. On the other hand, one that 
is arrived at by drawing a statical moment diagram that tloos not violate 
the plastic moment condition will cither te correct or too lou>. >• Thus, 
depending on how the problem is solved, wo will obtain an upper ' limit ' 
or ' bound ' below which the correct answer should certainly lie, or we 
will determine a lower ' limit ' or ' bound ' which is certainly less than 
the tmo load capacity. 

The important upper and lower boimd theorems or principles w^e 
proved by Greenberg and I'rager. When both theorems have been 
satisfiod in any given problem, then the solution is in fact the correct 
one. The two principles will now be stated and illustrated. 

Upper Bound Theorem — A load computed on the basis of an 
assumed mechanism will always Ixi greater than or at best equal 
to the true ultimate load. 

Consider the fixed-ended beam in Fig. 27(A). If we asstune a mecha- 
nism on the basis of a guess that the plastic hinge in the beam forms at 



'Reference 21 contains an excellent discussion of the principle of virtual dis- 
placements. 
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27A Upper Bound Theorem 27B Lower Bound Theorem 

Fig. 27 Upper and Lowkr Bound Theorems 



B, then the equilibrium moment diagram would be as shown by the solid 
line in Fig. 27(A). The beam would have to be reinforced over the length 
BB' to carry the ' trial ' load, Wi; the load is too great. Only when the 
mechanism is selected such that the plastic moment value is nowhere 
exceeded (see the dotted lines) is the correct (lowest) value obtained. 

Lower Bound Theorem — A load computed on the basis of an 
assumed eqiulibriimi moment diagram in which the moments are 
not greater than Mp is less than or at best equal to the true 
ultimate load. 

Illustrating with the fixed-ended beam of Fig. 27(B), if we select the 
redundants such that the moment is never greater than Mp, then the 
corresponding trial load. Wt, may be less than W^, [Fig. 27(B)]. We 
have not used the full load capacity of the beam because the centre line 
moment is less than Mp. Only when the load is^ increased to the stage 
where a mechanism is formed (dotted) will the correct value be obtained. 

Thus, if the problem is approached from the point of view of assum- 
ing a mechanism, an upper bound to the correct load will bo obtained. 
But this could \'iolate the plastic nionMmt condition. On the other hand, 
if we approach it from the aspect of making arbitrary assiunptions as 
to the moment diagram, then the load might not be Wfficiently great to 
create a mechanism. 

Incidentally, Fig. 27(B) demonstrates that conventional (elastic) 
design is a ' lower bound ' solution. This is the explanation as to why 
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the ' local yielding ' involved in many of our current design assumptkms 
has not resulted in unsafe structures. 

It is seen, then, that the ' statical (equilibrium)' method of analysis 
is based on the lower bound principle. The mechanism method, on the 
other hand, represents an upper limit to the true ultimate load. 

c) Further Assumptions — In addition to the assumptions of i 1 
the following further assumptions arc necessary: 

a) The theory considers only first order deformations. The defor- 
mations art assumed to be sufficiently small such that (>quilibrium 
conditions ciiii be formulated for the unilcformed structure (just 
as in the case of elastic analysis). 

b) Instability of the structure will not occur prior to the attainment 
of the ultiniiile load (this is assured through attention to secon- 
dary ilesign considerations). 

c) The connections provitle full continuity such tluit the plastic 
moment, Mp, can be transmitted {soo Section E). 

d) The influence of normal ami slieaiiiig forces on the plastic 
moment, Mp, arc neglectisd {sm Section E for necessary 
modifications), ^ 

c) The loading is proi>ortional, that is, all loads are such that they 
increase in fixed proiwrtions to one another. However, iiuli;- 
pendent increase can bo allowed, provided no local failure occurs 
(see Sectioif E for repeated loading). 

With tliG Priacipliis of Virtual DLsplaceuiiuits, the Ui»per and Lower 
Doiiiid Thetjrems, anil the additional iissumptions noted above, it is now 
l>ossiblc to consider the various methods of analysis. 

17. STATICAL METHOD OF ANALYSIS 

17.1 As noted in 16, the ' staliciil ' nielliod of analysis is l)asod on the 
Lower Bound Pruiciple. The procedure is first described and then several 
examples are solved. 

17.2 Method of Analysis by Statical Method — I3y the following 
procedure fiu<l an equilibrium moment dLtgram in which M^Mp such 
that a mecluuiism is formed: 

a) Select redundaut(s), 

b) Draw moment diagram for determinate structure, 

c) Draw moment diagram for structure loaded by redundant(s), 

d) Sketch composite momtuit diagram iit such a way that a mecha- 
nism is formed (sketch muchani;>m), 
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e) Compute value of ultimate load by solving equilibrium equation, 
and 

f) Check to see that M^Mp. 

Example 1: 

Fixed-ended, uniformly loaded beam, Fig. 25 
[indeterminate to second degree) 

The problem (already treated in 15) is to find the ultimate load, 
Wu> that a bcEun of moment capacity Mp will support. For redun- 
damts, one could select the en^ moments. The resulting moment 
diagram for the determinate structure would be the solid parabola 
in Fig. 25, with: 

M.=-^ ... ... ...(26) 

The moment diagram for the structure loaded by the redundants 
would be a uniform moment along the beam. 

The composite moment diagram is actually what has been 
sketched in Fig. 25 since, we can inmiediately see that a hinge must 
also form at point 2. Notice that if the ' fixing line ' had been drawn 

' W L 

in any other positfon than that which divides M, = —5— in half, 

o 

then no mechanism would have been formed. The correct mecha- 
nism is sketched in the lower portioln and M = Mp at the locations 
of maximum moment. 

The equilibrium equation, from Fig. 25 (at location 2), is: 
and the ultimate load is given by: 



Example 2: 



Two-span continuous beam. Fig. iM 
{fndtUrminaUd to first degree) 



The redundant is selected as the moment at C(Af,). The 
resultant badings are shown in Fig. 28(a) and 28(b). 

Moment diagrams due to loads and redundants are shovm in 
Fig. 28(c) and 28(d). 
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d) MOMENT DIAGRAM DUE TO 
REDUNDANT LOADING 



.rr^ttfff M 



«) COMPOSITE MOMENT 
OIAORAM 



I) MECHANISM 




REDUNDANT 



Fio. 28 Plastic Analysis of Two-Span Continuous Beam 
(Statical Method) 



The composite moment diagram is sketched in Fig. 28(e) in such 
a way that the necessary mechanism is formed. Fig. 28(f), with 
maximum moments, lip, at locations B, C and D. 
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The equilibrium ciiuation is obtained by summing the moments 
at location B: 

PuL ' 



6Mp 



...(28) 



Since all throo of the necessary conditions are satisfied (Mechanism, 
Equilibrium, and Plastic Moment), tliis is the correct answer. Further 
examples of the use of this method arc given in Section F, Design 
£xampl(!s 1, 2, 4 and 6. 

18. MECHANISM METHOD OF ANALYSIS 

18.1 General Procedure — As tlic number of redundants increases, the 
number of i)ossible failure mechanisms also increases. Thus it may be- 
come more difficult to construct th<' correct equilibrium momi;nt diagram. 
For such aises the mechanism method of plastic analysis may be used 
to find various 'upper bounds'. The correct mechanism will be the one 
wliich results in the lowest possible load (upper bound theorem) and 
for which the moment does not exceed the plastic moment at any 
.section of the structure (lower bound theorem). Thus the objective is 
to find a mechanism sudi that the plastic moment con'dition is not 
violated. 

The following, then, is the general procedure. 

18.2 Method of Analysis by Mechanism Method — Find a mecha- 
nism (independent or composite) such that M = Mpi 

a) determine location of possible plastic hinges (load points, con- 
nections, point of zero shear in a beam span under distributed 
load); 

b) select possible independent and composite mechanisms; 

c) solve equilibrium equation (virtual displacement method) for 
the lowest load; and 

d) check to see that M = Mp at all sections. 

Example 3: 

Rectangular Portal Frame, Fig. 29 

Given a rectangular frame of uniform section whose plastic 
moment capacity is Mp, what is the ultimate load it will carry ? 

In the frame shown in Fig. 29(a) locations of possible plastic hinges 
are at locations 2, 3, 4. Now. in the previous examples there was 
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Fig. 29 Mfxhanism Method of Analysis Applied to a Rfxtangular 
Portal Frame with Pinned Bars 

only one possible failure mechanism. However, in tliis probI(;m there 
are several possibilities. ' Elementary ' or ' independent ' Mechanisms 
1 and 2 correspond to the action of the different loads, whereas 
Mechanism 3, Fig. 29(d), is a ' composite ' mechanism formed by 
combination of Mechanisms 1 and 2 to eliminate a plastic hinge 
at location 2. Which is the correct one ? It is the one wluch results 
in the lowest critical load P,. 
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The method of virtual displacements may be used to compute the 
critical load. After the ultimate load is reached, the frame is allowed 
to move through a small additional displacement such as shown by A 
in Fig. 29(b). For equilibrium, the external work done by the loads as 
they move through small displacements shall equal tlie internal work 
absorbed at eacli hinge as it rotates through a corresponding small angle, 
or 

Wf. = Wi 
Tlie following equations are obtained for the variolas mechanisms: 
Mechanism 1: PA = M^+Mp{2e) + Mpe ... ...(29) 

(Beam) pu 

Px=^X- ^^^^ 

"^t^^^ ^=A'.(«+<') (31) 

^ -^^ = 2Mp (as h = LI2) 

P = ^^ no) 

Mechanisms: PAi+ ~\ = Mp{2e)+Mp{20) ... ...(33) 



(Comiwsite) 



P^ + ^^^^UfpS 



/>. = -'|.^^==P.. (34) 

The lowest value is P, wliich is, therefore the true ultimate load, P,. 

To make sure tiiat some other possible mechanism was not over- 
looked it is necessary to check the plastic moment condition to see that 
AKMp at all sections. To do this the complete moment diagram is 
drawn as shown in Fig. 29. The moment at location 2 is determined as 
follows : 
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Since the moment is nowhere greater than Mp, we have obtained the 
correct answer and the problem is solved. 

In Example 3, the virtual work equation was solved anew for the 
' composite ' mechanism. An alternate procedure for computing the 
ultimate load for a compo.site mechanism is to add together the virtual 
work equations for each mechanism in the combination, being careful 
to subtract the internal work done in an elementary mechanism at any 
hinges being eliminated by the combination. Using this procedure for 
Example 3, there is obtained from the previous set of equations: 

Mechanism Virtual Work Hing^fi Cancelled 

Equation 

Mechanism 1: PL9 ,■,. n %m ^ 

(Beam) -_=4A/^fl -M^d 

Mechanism 2: ^^ a onyr a xj, a 

(Panel) T ^ = ^M^^* -^P^ 



Mechanism 3: 3PA ^ r<:w /n oi^ « 

(Composite) "T" ^ = t6M,fl] -2AfpO 

P,= 16M,I3L 
This is the same answer as obtained in Eq 34. 

In the previous examples there were a sufficiently small number 
of possible mechanism so that the combinations were almost obvious. 
Further, the geometry in ■ the deformed position could be developed 
with no difficulty. A number of guides and techniques will now be 
discussed that are useful in solving more involved problems. 

18.3 Types of^ Mechanism — First of all, for convenience in referring 
to different mechanisms of structures given in Fig. 30(a) there are the 
following types which are illustrated in Fig. 30: 

a) Beam Mechanism Fig. 30(b) 

(Four examples are given here of the displacement of single 
spans under load) 

b) Panel Mechanism Fig. 30(c) 

(This motion is due to side-sway) 

c) Gable Mechanism Fig. 30(d) 

(This is a characteristic mechanism of gabled frames, involving 
spreading of the column tops with respect to the bases) 

d) Joint Mechanism Fig. 30(e) 

(This independent mechanism forms at the junction of three 
or more members and represents motion under the action of a 
moment) 
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Fig. 30 Types of Mechanisms 
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e) Composite Mechanism Fig. 30(f) 

(Various combinations of the independent mechanism may be 
made. The one shown is a combination of a beam and a gable 
mechanism) 

18.3 Number of Independent Mechanisms - - If it were known in 
advance how many im'ej)ondent mechanisms existed, then combinations 
<ou1d l)e made in a systematic manner and there would bi; less likelihood 
of overlooking a possible combination. Fortunately, tlie following 
simple procedure is available for determining this. 

If the number of possible pla?tic hinges is N and if the number of 
redundancies is X, then the number of possible inde])cndent mechanism, 
w, may be found from 

n==N-X ... ... ...(35) 

Thus, in Example 3 th(Te are 3 possible plastic hinges (locations 2, 3 
and 4), the frame is indeterminate to the first degree, and, therefore, 
there are two elementary mechanisms (Mechanisms 1 and 2). 

This correlation is no coincidence because each independent mecha- 
nism corresponds to the action of a different loading system. Said in 
another way, each mechanism corresponds to an independent equation 
of cHjuilibriiim. In Example 3 Mechanism 1 corresponrls to equilibrium 
between applied vertical load and vertical shear. Mechanism 2 corres- 
j)onds to equilibrium between applied horizontal load (Pjl) and hori- 
zontal shear in the; two columns. Tliese force systeni". an; ' eUunttntary' 
or ' indcipendent ' and hence the term. 

Equation 35 may bo seen in this way. For a d(;torminate sy.stem, if a 
plastic hinge develops, the structure becomes a mechanism. Tluis, for 
each possible plastic hinge there corresponds a mechanism; if there are 
' « ' possible plastic hinges, there will be ' n ' mechanism [see Fig. 31(a)]. 
As we add rcnlundants to the structure, we add a plastic hinge for each 
redundant but do not chaijige the number of mechanisms. Where the 
member was free to deform beforehand (at a real hinge), it is now 
restrained; however, the number of basic mechanisms remains unchanged 
[see Fig. 31(b) and 31 (c)]. Thus the number of possibli; pla;;tic hinges, N, 
equ"ls the number of mechanisms n, plus the number of redundants, 
X. or n =(iV-X). 

18.4 Composite Mechanisms — Equation 35 is us(;ful because it enables 
us to set out all the possible ' elements ' from which combinations may later 
be made. These combinations are to be made in such a way as to make 
the external work a maximum or the internal work a minimum, since 
by this means the lowest possibk load, P, is obtained. Therefore, the 
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Fig. 31 Examples of Procedure for Determining the 
Number of Mechanisms 



procedure generally is to make oombinations that involve mechanism 
motion by as many loiids as possible and the elimination or cancellation 
of plastic hinges — as was done in composite Mechanism 3 of Example 3. 

18.5 Indeterminacy — In order to determine the number of redun- 
dants, X, for use in Eq 35 it is merely necessary to cut sufi&cient supports 
and structural members such that all loads are carried by simple beam 
or cantilever action. The number of redundants is then equal to the 
number of forces and moments required to restore continuity. (In 
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Example 3, cutting the horizontal reaction at Section 5 -- supplying a 
roller — creates simple beam action; thus X — 1). 

18.6 Geometry of Mechanisms (Insttiataneous Centres) — As will 
later be evident, in cases involving sloping roofs [Fig. 30(f)], computa- 
tion of the geometrical relationship of the displacement in the direction 
of the load as the structure moves through the mechanism may become 
somewhat tc<1ious. In snwh cases, thu method of instantaneous centres 
may be used, a term lx>rrowed from mechanical engineering and the 
consideration of linkages. 

Although the us<' of instantaneous centres was not needed in the 
..soJiition of Example 3, consider its application to Mechanism 3 of this 
problem [Fig. 29(d) and Fig. 32]. When the structure moves, Segment 
1-2-3 pivots around the base at 1. Member 5 4 i>ivots afwut Point 5. 
About what centre does Segment 3-4 moyo. ? Th<! answer is obtained 
by considering how the ends of the Segment move. 

Point 4 is constrained to move perpendicular to line 4-5 and thus 
its centre of rotation (as part of Segnuuit 3-4) must be somewliere alon;^ 
line 5-4 extended. Point_X on the other h;ind moves alx>ut point 1 
since it is a part of SegnuMit 1-2-3. Therefor*- it moves nWmal to line 
1-3 and its centre of rotation as part of Segment 3-4 shoiild be along line 
1-3 extended. Point 1 satisfies Iwth conditions and therefore Segment 
3-4 rotates about Point 1, that point being its ' instantaneous centre ' of 
rotation. 

What are the ' kink angles ' at the plastic hinges ? The rotation 
at both column bases is 0. The horizontal motion of Point 4 is thus 
(8){I.[2). Since the Length 1-4 is also equal to L/2, then the rotation 



of 3-4 alx)ut I is e j-!:^ 



0. The total rotation at location 4, therefore, 
equals 20 and that at 3 is also 20 since the Lengths 1-3 and 3-1 arc equal. 




k— i— < »— J 



Fig. 32 Location of Instantaneous Centre for the Rectangular 
Frame Mechanism of Fig. 29 
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What is the vertical motion of the load at Point 3 ? Since no hinge 
forms in joint 2 it remain} as a right angle and the rotation of 2-3 with 
respect to the horizontal is also equal to 0. The vertical motion is. 
therefore, OLfZ. This answer for vertical displacement and tliat in the 
previous paragraph for kink angles are identical, <f course, to those 
obtaine<l in Example 3, Eq 33. 

Example 4: 

The suitable application of ' instantaneous centres ' is to the 
case of gabled frames. Consider, for example, the structure shown 
in Fig. 33. Assign the value 6 to the arbitrarily small rotation of 
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Fic. 33 Location of Instantaneous Centre of a Gabled Frame 

Mechanism 
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member 6-7 about Point 7. SoRinent 1-2^ will rotate about Point 1 
an amount yet to be determinecl. To find the instantaneous centre 
of Segment 3-4-6, find the common point about which both ends 
rotate. Point 6, being constrained to move normal to line 7-6 will 
have its centre along that line. Similarly, the centre of 3 will be 
along 1-3 extended. Thus Point 1 is located. 

By geometry' the Length 1-7 is equal to (5Z:/4)(4)=5/:, therefore, 
6-1 = \L. Since the horizontal displacemerjt of Point 6 is dL, the 
rotation at I = 9/4*. By similar triangles, the ratio of 3-7 to 1-3 is 3: 1. 
Thus the rotation at 1 is given by 

^/3\ 3f 

Kink angles and displacements in the direction of load may now bo 
computed. -The rotation at 6 = »+ff/4 = (5/4)9. The rotation at 
3 = 9/4-1-3/40 = 0. The displacements of the loads in the direction of 
application are as follows: 

Horizontal load; Ai=(3/4)(9)(/-,) 

Left vertical load: Aj=(9/4)(3Z,) ... ...(35a) 

Right vertical load: A,=(9/4)(Z,) 

The accuracy of the last two equations may be seen in two ways. If 
the loads are imagined as hung from the dotted positions shown, then 
it is evident that the vertical displacements are as shown above and in 
Fig. 33(a). Alternatively, working out the geometry on the basis of 
similar triangles as shown in Fig. 33(b), the vertical component, of the 
mechanism motion of Point 3 (for example) is equal to the rotation about 
the appropriate instantaneous centre multiplied by the distance to 
that centre;, measured normal to the line of action. 

To complete the example the ultimate load for tliis mechanism is 
given by: 

(HorizontalVVerticalX /Vertical\/location\/location\ 
Load /\^Load l) \Load r)\ 3 )\ 6 ) 

P_i^ ... ... ...(35c) 

Construction of the moment diagram shows that the moment is nowhere 
greater than Mp, so this is the correct answer. 



• *Note that the rotation at J is in general equal to the rotation at the column 
bue BHiltipUed l>y the ratio of the distance* 7-6 to 6- J. 
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Precisely the same answer would have been obtained, of coorse, 
had we worked out the deformation at the various joints through a 
oonsideration of the frame geometry in the deformed position. The 
convenience of the use of ' instantaneous centres ' should be evident, 
however. 

19. FURTHER CONSIDERATIONS 

19.1 Further Methods of Analysis — In addition to the statical and 
mechanism methods of analysis, there are additional techniques for 
determining the ultimate load which a structure will support. Two 
methods in particular are the ' method of inequalities '•' and a psuedo 
' Moment Distribution Technique '**.»». In a great majority of cases, 
however, recourse to those methods will not be necessary and, therefore, 
no furtuer discussion is presented here. The interested reader may see to 
the indicated references. 

19.2 Distributed Load — A slight modification of procedure is neces- 
sary in case the load is distributed. In the event that a mechanism 
involves formation of a hinge within the beam that is (between supports) 
the precise location of the hinge in the beam is not known in advance. 

Take the case shown in Fig. 34 — a portion of a continuous beam 
— in which the Mp values are as shown in the circles. If the load is 
actually distributed along the member, then the correct value of the 
ultimate load is obtained by determining the distance to the point of 
maximum moment. The distance x can be computed by writing the 
virtual work equation in terms of x and either minimizing the loads by 
differenciation or by solving for x by making a few trials. Alternatively 
X may be found by plotting the uniform load parabola, A-B-C-D, from 
the base line A-D. 

To illustrate the computations, from the mechanism of Fig. 34(b) 
the virtual work Eq 25 gives: 



*The external work for a mechanism under distributed load may eonvenie&tly 
be written as the load/unit length times area swept during mechaniam motion. In 

tUs example 'area'.CL) (9») (1/2): iM>rk i. wU9»){\l2)^W^9, 
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Fig. 34 Position of Hinges in Beam with Distributed Load 
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Selecting values of x and solving for W, the value of x to give the nini- 
nnun value is: 



and 



X = 0-44Z, 



_ 3h2Mp 
L 



.(37) 



The graphical method was used in Fig. 34 and a value x = 0'45Z. 
was obtained. 

With errors that are usually slight, the analysis oould be made on 
the basis. that the distributed load is replaced by a set of equivalent 
concentrated loads. Thus in Fig. 35, if the distributed load, wL «= P, 
is concentrated in the various ways shown, the uniform load paraboia 
is always ciraimscribed (giving the same maximum shear). The result 
is always conservative because the actual moment in the beam is always 
less than or at most equal to the assumed moment. Of course, the more 
concentrated loads assiuned, the closer is the approximation to actuality. 
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Fig. 35 Effect of Replacing a Distributed Load by ak Equivalkkt 
Set of Concentrated Loads 
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Of course, if the distributecl load is actually brought to the main 
frame through purlins and girts, the unifonn load may be converted, at 
the outset, to actual purlin reactions (on the basis of assumed purlin 
spacing). The analjrsis is then made on the basis of the actual concen- 
trated loads. The only difficulty with this procedure is that numerous 
additional possible plastic hinges are created— one at each purlin. And 
for every possible hinge position there is another possible mechanism. 
Of course, with experience the designer will be able to tell as to how 
many of these mechanisms he should investigate. 

19.3 Moment Check — One of the conditions that a ' plastic ' solution 
must satisfy is that the moment is nowhere greater than the plastic 
moment {see 16). In the case of the Statical method {see 17), there is 
no particular problem, because the moment used in the equations equi- 
librium presumed M<Mp. However, in the mechanism method the 
solution loads to an upper bound and it is consequently necessary to see 
if the solution also satisfies equilibrium with M<Mp throughout the 
frame. Otherwise it is possible to overlook a more favourable combi- 
nation of mechanisms which would have resulted in a lower load. 

When the structure is determinate at ultimate load, the equations 
of simple statics are all that are necessary to determine the moments in 
all parts of the frame. However, when the structure is indeterminate 
at ultimate load, an elastic analysis woiUd be required to determine 
precisely the moments in those segments that do not contain plastic hinges 
at their ends. However, in solutions by plastic analjrsis, the precise magni- 
tude of moment at a section that remains elastic is not of interest. If 
a mechanism has already been created, it is only necessary to show that 
moments elsewhere are not greater than Mp. As a result, approxi- 
mations may be used to find a possible equilibrium moment diagram. 
If the plastic moment condition is met, then the solution satisfies tbM) 
lower bound principle, and the computed load should be tho correct 
value. 

Prior to considering the partially indeterminate cases further, it 
should be pointed out that a design which leads to such a condition (that 
is, part of the structure indeterminate) is probably not the best design. 
The design objective is to make all of the structure perform as efficioitly 
as possible. If the frame is still indetetiminate at ultimate load, it should 
be obvious that it is possible to save material somewhere in the structure, 
bringing moments up to their plastic values. What this means is that 
simple statics will usually be adequate for making the ' moment check '. 
As a routine procedure it will not be required to carry out what would 
otherwise be a more complicated checking operation, because a structure 
that turns out to be partially t«dandant would be redesigned for lightw 
structttre. 
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Further examples of the moment check do not appear necessary 
here for the determinate cases. Example 3 given in 18.1, and Design 
Examples 5 and 7 given at the end of this handbook are illustrative. 

The first step in the case of indeterminate structures is to check on 
the I'edundancy. The following rule may be stated to indicate whether 
or not the structure at failure is determinate. 

If X = number of redundancies in the original structure, and 
M = number of plastic hinges developed 

Then 7, the number of remaining redundancies, is given by 

/ = X-(M--1) ... ... ...(38) 

In Fig. 36 are shown three continuous beams and a two span fixed 
base frame. Equation 38 correctiv indicates the number of remaining 
retlundants in Fig. 36(c) and 36{d). The structures are redundant at 
failure. 



a) 










d) 
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Fig. 36 Example of Procedure for Determining the Number of 
Remaining Redundancies in a Structure 
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If, now the frame is redundant, two methods are convenient for 
determining a possible equilibrium configuration. One is a ' trial and 
error' method and the other, a 'moment-balancing' method. Where 
there are only one or two remaining redundancies (try Eq 38), the 'trial 
and error ' method is most suitable. Since this covers most ordinary 
cases and since partial redundancy means inefficient design, the second 
method will not bo treated*. By the ' trial and error ' method, then, 
values for the remaining ' / ' moments are guessed and the e(]uilibriiim 
equations solved for the remaining unknown. 

Example 5: 

Given a three-span continuous beam of uniform section, Mp, 
and with concentrated loads in each span (Fig. 37). Assume tliat 
the answer has been obtained on the basis of the assumed mecha- 
nism shown in Fig.' 37(b). For this case: 

■» K = —J — •■• •■• •••(39) 

The remaining redundancies from Eq 38 are /=X— (M— l)=s2 
—(2—1)= 1 (namely the moment at E). 

The next step is to assume a value for this moment (say MgBa 
Mp). Solving the equiUbrium equation for spaiis CE and EG, 

_Mc M, P, M, Mp 3M; 

p p p 

A B 1 C jo E PJ 6 

TW^ 7TTT7 - TJK IDEE 

ffTfft ffffr wrrwf 
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Fig. 37 Moment Check Using the 'Trul and Error' Method 



*Sit Eq 28. 

\Sei Eq 29. 
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The resulting moment diagram is shown by the dotted lines. Since 

M^Mp throughout, the trial solution is correct and P„ = —jp-^. 

Quite evidently, more eificient use of material would result if the 
design were revised to supply only the required plastic moment for 
each span. 

In summary, this section has presented the basis for and the 
techniques of two methods of plastic analysis: the 'statical' and 
the ' mechanism ' methods. Application to design will be discussed 
next in Section E, followed by design examples in Section F. 

ExampU 6: 

The ' trial and error ' method of making the moment check will 
be further illxistrated for the frame shown in Fig. 38. Assuming 
that mechanisms 8-9-10 is the one to form, the ultimate load is 
given by: 

The remainijig redundancies from this equation are 

I = X-[M-l)= 6-(3-l)= 4 
which shows that it is not possible to obtain four moments by 
statics. (There are a total of 7 unknown moments for which onl> 
3 independent equihbrium equations are available). 

The next step is to make a ' guess ' as to the magnitude ol 
moment at 4 hinge locations, and then to solve for the remaining 
values. If Af = Mp then the correct mechanism (and P«-value] 
has been determined. The following ' trial ' values are taken, using 
the sign conventions that the moment is positive if tension occurs 
on the ' dotted ' side of the member: 
Mt=-Mp 

Mt=»+Mp 
M,^+Mp 

•8m Eq 29. 
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Fig. 38 Moment Check Using ' Trial and Error ' Method 

For span 4-6 

/ M,\ 

^•-2^2+42 2 ^ 4 

J»/,= - Mp+2Mp= +Mp 
For joint 6-7-8 

M,= Mt-M,=» 

Mr- M,-Ma«-Af^+M^= 

From the sway equilibrium equation. 
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Since Mi>Mp, the plastic moment condition is violated and 
an incorrect assumption was made. The moment diagram based 
on the above calculation is shown in Fig. 38. 

Example 7: 

A moment check for the 2-storey, 2-span structure shown in 
Fig. 39 will now be made. The ' trial and error ' method will again 
be employed. The plastic anal3^is gives: 

^-~' L 

It is not possible to determine the number of redundants for 
this frame by Eq 38 because that relationship does not apply when 
' simultaneous ' mechanisms occur. We can, however, determine 
the - number of redundants for this special case by noting that 
the number of remaining redundancies is equal to the number of 
remaining unknown moments minus the number of independent 
equilibrium equations (number of mechanisms) that were not used 
in the analysis. 

The number of unknown moments is 10 (M^, M„ 3f,, Af«, Mf, M,, 
Afio. A/i4, A/n, Ml,). Out of the 10 original equilibrium equations, 
4 have been used. Thus, the frame is redimdant to the fourth 
degree. Accordingly, it should be possible to solve for the remain- 
ing moments by assuming the value of four of the unknowns. 

Assume M■^^=-{^Mp 

M,= 

For joint 18-19-20 

M„-M«-3f,,= 

i»f„= Afi,-AfM=-Mp+Mp= 0. . . .OK 

For joint 13-14-15 

Mu+Mu-Mit= 

Afj,= M„-f-Afi4=-Af,-f-Af,= OK 

For joint 8-11 

M,-}-M,-Mw-A/u= 
M,-Mio-Mii-M,= -Mp+Mp^ 
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Fig. 39 Moment Check Using ' Trial and Error ' Method fob 
Two-Storey Two-Span Structure 



For joint 4-6 

Mi-Mt-Mt= 

Jlf4= A/.+Af,= l^-Mp«^^^. ... OK 

From the sway equation for the top storey 
Af,-Af,-ifi4-MM-hAf„+AfM= 
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Mt= -^ .... OK 

Thus from Eq (a), Mm=— ^^....OK 

From the sway equation for the bottom storey 
Mi-Mt-M^-Mt+Mio+Mit = 

= +f-^...OK 

The final moment diagram is shown in Fig. 39 and it is evident that 
M^Mp throughout. Therefore the ultimate load is, in fact, equal 

. 2Mp 
to -^A 



76 



SECTION E 
APVUCATION TO DESIGN 



30. GENERAL 

30.1 Thus far the methods of plastic analj^is have been presented. 
The purpose of this section is to consider certain features involved in 
the appucation of these methods to actual design. A question that 
arises ftrst concerns the relative strength of the different members. Next, 
a discussion of the general design procedure will outline the steps involved 
in a plastic desig:>. 

Finally, the principle content of this section will concern the ' secon- 
dary design considerations '. In airiving at the plastic methods of 
stniotural analysis certain assumptions were made with regard to the 
effect of axial force, shear, buckling, etc. Unless attention is given to 
such factors, the structure may not perform its intended function due to 
' premature ' failure. 

31. PRELIMINARY DESIGN 

31.1 On what basis is the first choice of relative plastic moment values 
made ? In the various examples used to illustrate methods of analj'sis, 
the problem was to find the ultimate load for a given structure with 
known plastic moment values of its members. In design, the problem 
is reversed. Given a certain set of loads the problem is to select suitable 
members. Since ' imiform section throughout ' may not be the most 
economical solution, some guide is needed for selectinig the ratio or ratios 
of plastic moment strength of the various members, 

3U Of course, this problem exists in elastic design, so it is not a matter 
that is imique to design on the basis of ultimate load. However, a few 
simple techniques will occur to the designer which, coupled with his 
experience, will enable him to make a preliminary economic choice of 
relative moment strength without too many trials. Some general prin- 
ciples are as foUows: 

a) In the event the critical mechanism is an ' indepeijdent ' one, 
the rest of the material in the frame is not being used to full 
capacity. This suggests that a more efficient choice of moment 
ratios may be made such that the critical mechanism is a ' com- 
posite mechanism ' involving plastic hinges in ^veral diffa'ent 
members. 
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b) Adjacent spans of continuous beams will often be most economi- 
cally proportioned when the independent mechanisms for each 
span form simultaneously. This is illustrated in Design Example 
2. Numerous examples of the design of continuous beams are 
given in Ref 26. 

c) The formation of mechanisms simultaneously in different spans 
of continuous beams or the creation of composite mechanisms 
will not necessarily result in minimum weight. Examination 
of alternate possibilities is desirable. Often it wiU be foimd that 
the span involving the greatest determinate moment (M,) should 
be given the greatest possible restraint (generally by supply equi- 
valent Z of adjoining members). Thus the best design in this 
instance will usually result when the solution commences with 
uniform section for both the rafter and the stanchion. Design 
Example 7 illustrates this. 

d) The absolute minimum beam section for vertical load is obtained 
if the joints provide complete plastic restraint (that is, restrain- 
ing members supply a restraining plastic moment equal to that 
of the beam). Similarly, the minimum column sections are 
obtained under the action of sway forces when ends ire subject to 
complete plastic restraint. This, therefore, suggests that, if the 
important loads are the vertical loads, the design might well be 
commenced on the basis that aU joints are restrained as described, 
the ratio of beam sections be determined on this basis, and that 
the columns be proportioned to provide the needed joint moment 
balance and resistance to side bad**. Design Example 7 
is an illustration of this. Alternatively, if the important loads 
were side loads, the design could start, instead, with the 
columns. 

e) Finally, it should be kept in mind that maximum overall eco- 
nomy is not necessarily associated with the most efficient choice 
of section for each span. It is necessary to consider fabrication 
conditions which may dictate uniform section where, theoreti- 
cally, sections of different weight might be used. 

32. GENERAL DESIGN PROCEDUi^E 

23.1 Although there will be variations as to specific procedure and detail, 
the foUowing six steps will be a part of practically every design: 

a) Determine possible loading conditions, 

b) Compute the ultimate load(s), 

c) Estimate the plastic moment ratios of frame members, 

d) Analyse each loading condition for ma^mum Mf, 
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e) Select the section, and 

I) Check the result according to ' secondary design rules '. 
These steps will now be discussed briefly. 

The design commences with a determination of the possible loading 
conditions. There is no change here from conventional practice, except 
that at this stage it is decided whether to treat distributed loads as such 
or to consider them ^ concentrated {see 19). 

The step (b), ' compute the ultimate load ', represents a departure 
from conventional methods. The loads determined m (a) are multiplied 
by the appropriate Toad factor to assure the needed margin of safety. 
This load factor is selected in such a way that the real factor of safety 
for any structure is at lea.st as great as that afforded in the conventional 
design of a simple beam. In the latter case, F is equal to the conventional 
' factor of safety ' (1-65) multiplied by the shape factor, /. As already 
noted, this shape factor varies for different WF beams from about 1-09 
to about 1-23. The average for all shapes is 1-14 and the most common 
value is 1*12. The actual load factor selected thus depends upon the 
concept of safety; that is, if the present design of a beam with the smallest 
shape factor (1-09) is satisfactory, then a load factor of (1-65) (1-09)= l-«0 
would be adequate. Alternatively, average values may be preferable. 
The followring table summarizes the possibilities: 

Factor of Safety* Shape Factor Load Factor 

1-65 1D9 1-80 

1-65 112 1-85 

1-65 1-14 1-88 

1-65 1-23 203 

The value 1-85 is selected instead of 1-88 because wide flange shapes with 
a factor of 1-12 occur more frequently and, further, the number 1-88 
implies an Accuracy in our knowledge of safety that is not justified. In 
the case of wind, earthquake, and otber forces, specifications normally 
allow a one-third increase in stresses. Following this same philosophy 
the value of F foe. combined dead, live, and wind leading would be 3/4 x 
1-85 18= 1-40. In summary, then, the load factors are: 

Dead load plus live load, F = 1-85 

Dead load plus Uve load, F = 1'40 \^ ...(40) 

plus wind, earthquake, 

or other forces 

As was suggested above, the load factor of safety shoukl be selected 
in such a way that an indeterminate structure is as iaie as a simple beam 



*yiald ftNM dividod by worUng ttran in flexure. 
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deaigaed elastically. There is certainly no point' in making a rigid 
■tructure any more safe. There is no depauture from present practice 
insofar as the necessary or minimum factor of safety. Plastic design 
simply makes it possible to design structures with a more nearly constant 
factor of safety, no matter what the loading and geometry. 

The load factor of a safety of a simple beam according to elastic 
design is equal to the ratio of the ultimate load, P«, divided by the 
working load, P,,. Since for a simple beam, the bending moment varies 
linearly with the load, the expression for the load factor may be written 
as: 

P„ M„ 

From Eq 16 and using the relationship, Mw — OaS, the vaJue of F may 
be expressed as: 



OaS 



from which 






where Oy is the yield stress level, and o„ is the allowable or working 
stress according to ' elastic ' specifications and / the shape factor. The 
load factor is thus a function of the ratio between yield stress and 
allowable stress and of the shape factor. 

2 320 
According to 15:800-1962* the ratio Oy/o, is vyrin = ^'^S- The 

average shape factor is 1-15. Thus: 

F=(l-5S)(MS)=l-78 

A ,reasonable figure for the load factor for gravity loads figured according 
to IS: 800-1962* is thus 1-85. 

Since section 12.2.1.1 of IS: 800-1962* permits, a one-third increase 
in stresses when wind is acting, then the corresponding load factor for 
plastic design may be taken as: 

Fw=^ 1-85x3/4 = 1-40 

It will be noted that the problems worked in the later portion of this 
chapter are developed on the basis of Eq 40. The only effect of a change 
in load factors tp the values for use in designs according to Indian Stan- 
dards is that the required section sizes would be reduced somewhat. 
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Tlie Step (c) is to make an e.stimato of the plastic nioincut ratio of 
flWfifittttie tffemte*rs.^i.?rfci8iliaS.todeft tjjsciiksrd iii 21: liriMttline' t|u! pro- 
cedure would be as follows: ■i, . ,, i i ,, :;•[ i 

A) Determine the absolute plastic moment vaMesfof sopaiate toading 

conditions. (Assume that all joints are ftxe^|,a^g3.i?i|S,^ irp^ation. 

, but frapie free to sway.) For bt;ams, solve beam mcchaiiisni 

• ■ Cqti!itibtt"aifi4. fpr^dliltrihS, SolVe Ihb JiUnW i^iftbhanishV 'ibuatidn. 

•' '■' 1fh€iUcttfa^ls(tt:tton Will be gtortt'et than oi'at W&St iiqu'dl'^te^ thcSo 

,;, BV^<?i^j^¥9tiP'l?(?tw jHipmcQt ratjas j^siiig tlie f9|bwui|[ g'uitlo?':, 
..,.. )a)uB«!j^iiw;,..Use ifttiai idqt^rmincd ,;ia ,^tcp,;,(4^^ ,,, -! i,, 
b) ColumniSvV At coroer' coJ^l^ectinus i/Wp(£»l)» Af^(bcam) . 
, /jC), Jg|nt^:^|tftb>j?jh eqjijilibriwni, ,, „. :;,,>;, i 

Weare theh ready to;pEobeeditol9tep (d). In f>omc cases it will bo desin- 
able ptipritoiiiualiselccfion of aoctions to o.vauiinot tJic-fralne.A)r further 
ccowomy aimay b6 dipparonit from a eontadoratiunof rfkitivd beam and 
■'sway nionaents;-^>.<i i'/n-r, ■ ', .■ ii, ,::.■■.■- ,■ , ■ ■■>.:[, ■,. ,■ n. , ■ 

In the step (d) each loading conditifiii is aniilyzcd for' tile hiaxirmim 

required Af*. Either the sta,tical method (17) or "the mechanism method 

' '( J« bf iiiaTysiJ^ »^ay ^' ^m. '' 'A'UfirtiSH wiV ' 'I'Ke- sftf .pim^Hl' ^6ckhki'S 

' ^f Settion' tf Wt bfr'Usibd'tot'' Standard ' gahiicirical and loading a>ildi- 

'tioi^f6i'wriicfc'lchiirts'"^iI' graphs 'Are di^veldiH-d. TJio duly differriilce 

•"(n this'4't'^ dhii ill the iniaWsi^ '|>roccfdurt*i of Sectiojt t> is that 'the lowest 

; *diMyig^1!6M 'wast sought ia the' filter,; wlierdaS no^'Wci afb Ibokirtg for the 

Mttkmmi tis)au^iid"^kii^t^MUi^ as a bdsjs f6t' st'lectiiig' thtf section. 

■ :■■■ .•:;*J'-i / . ■^■' I i;'^/;:. n\ t ■)- • ', t ■" ■j^'i- ■ v > ■ . > ij-. ....... 

,,ii , The, 8te».^(eV J5,|tp $elect the sectioii. , The cquatipa Jl/^=ayiJ is 
, jSqlv^d'fipi: '^,iap,a tj>f^, section,, seltjctcd, from aii ccoj^jn^ tablp^/^ranged 
according to i;-values. 

The sjfp (f) (and a most in^wrtant one) is to check the design to 
, ...IS$..ti).at il_gaLUsfifs .t^_lS£,cond(U:y_dj^n considerjitioos-'. malting,, sure 
'-that i>rei^aturei: -4ai|tire doies not occur. This is'-the «ubjcct-~of- the 
tliJfeeu^ioni: wiufi^ in i3. : ! 

[^"23. StCONfigig^DE^K^ CONI^ilpRATfONfi 

33.0 ^teinrii^ — In^^Tni^, t^er ^ests pr^htcd in i the results confirm 
in a Satisfactory ^anjnoc -Ihis- predictions ol^^thc ' si]n^lfr-p^tic-4}ieoF^ '. 
This tlheory'negleits MEITtmnp as^'-pdiTforcc, sheaf, aKoTBiicEImg, and 
yet the engineer knoWs they afe present in most structures and he is 
accust^^qf^^o taking^^hOT ^ij},jlf^^.^count;^ TJiose factors that are neg- 
lected o«iia?e not included in ii» simple ' iMoory (and for which revision 
of that theory is sometimes needed) are the following: 
: u vt , r^)i Rj^uc<loi|i kki <(he 't>Ul«tib moment ^(axial iwat > and ' shettit force) ; 
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b) Instability (k>c:il buckb'ng, lateral buckling, column buckling); 

c) Brittle fracture; 

d) Repeated loading; and 

e) Deflections. 

In addition, proper proportions of connections are needed, in order that 
the plastic moment will be developed. In the following paragraphs the 
effect and chanicteristics of these factors will be indicated. Where 
apropriate, the results of theoretical analysis and of tests will be indicated, 
followed by a suggested ' rule ' to serve as a guide for checking the suit- 
ability of the original design. Liberal reference is made to other sources 
in order to condense this article as .much as possible. 

It should be kept in mitid that this situation is no different in 
principle from that encountered in elastic design. The design should 
always be checked for direct stress, shear, and so on. It simply means 
tliat modifications or limitations in the form of ' rules of design ' arc 
jipcissary as a guide to the suitability of a design based on the simple 
thtoiy that neglects these factors. 

23.1 Influence of Axial Force on the Plastic Moment — The presence 
of axial force tends to reduce the magnitude of the plastic moment. 
Howfvcr, th<' design procedure may be modified easily to account for 
its inlluciicp btcause the important ' plastic hinge ' characteristic is still 
rot.iuu'd. This influence has been discussed*. The stresss distribution 
in :< hciun at various stages of deformation caused by thnist and 
moment is shown in Fig. 40. Due to the axial force, yielding on 
till- comprcssioji side proceeds that on ' the tension side. Eventually 
piastification occurs, but since part of the area must withstand the axial 
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Fig. 40 Distkibution of Stress at Various Stages of Yiei.ding for 
A Member Subjected to Bending and Axial Forces 
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force, the stress block no longer divides the cross-section into equal 
areas (as was the ciisc of pure moment). Thus, as shown in Fig. 41 the 
total stress distribution may be divided into two parts — a stress due to 
axial load and a stress due to bending moment. 

For the situation shown in Fig. 41 in which the neutral axis is in 
the web, the axial force P is given by: 

P = 2ayyja> ... ... ... ...(41) 

where 

<Ty= the yield stress, 

y„— tlic distance from the mid-height to the netitral axis, and 

t£) = the web thickness. 

TIk' bending moment Af^ is given by the following expression and 
represents tlic plastic liinge moment modified to include the effect of 
axial compression: 

Mf,, = o, {Z-wy^ ... ... ... ...(42) 

where 

Z = tJie plastic modulus. By substituting the value of y„ obtained 
from Eq 41 into Eq 43, tlio bonding moment may be expressed as a 
function of the axial force P, or 



P* 

Mt,c. = Mp—. — 
4<jva' 



ipc 



.(43) 



By the same process, an expression for Mpe as a function of P could be 
determined when the neutral axis is in the flange instead of the web. 
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Fig. 41 Representation of Stress Due to Axial Force, and Due to 

BiitDiNC Moment for a Completely Plastic Cross-Section Subjected 

TO Bending and Axial Forces 
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The resultiixg equation for n wide flange shape is: 

--°iK^-r,)-^(-r;)'] ••• ...... 

For a wide flange section the ' interaction ' curve that results from 
this analysis is shown in Fig. 42. When the axial force is zero, M = Mp. 
When the axial force reaches the vahie P =^ yA, then the moment capa- 
city is zero. Between these limits the relationship is computed as 
described and the desired influence of axial force on the plastic moment has 
thus been obtained. 

In design, in order tq acoqunt for the influence of direct stress either 
curves such as Fig. 42 could be used, or since most wide flange shapes 
have a similar curve (when plotted on a non-dimensional basis)' the 
simple approximation of Fig. 43 could be used. 

Summarizing, the following ' dpsi/^^n rule' may be stated: 



Rules for Beams 

Rule 1 Axlai Force — Neglect the effect of axial force on the 
plastic moment unless P>0l5Py. If P is greater than 15 percent of Py 
the modified plastic moment is given by: 



Aff, = M8(l-|')Af^ 



.(45) 
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The required design value of Z for a member is'determined by multi- 
plying the value of Z found ia tlie initial design by the ratio ^^/Afp, 
or 

0-852* 



^«« - \-PlP, 



...(46) 



An illustration of the use of this ' rule * is given in Djsjgn Examiile 7^ 
-^Eqtpi^on ^S^vinay also ,k^ exRressed in thei forfi;i: ' , f"" 



\-\^MpTV^ 



■k-h- < 1 



..(45a) 



'Actually this ^ives a value ;o< Z t&at is too great. As illustrated t>y the 
upper portion of Fig. 43, the /"/Py ratio will be lcs<< in thb rc-design and thus the reduc- 
tu» in Mp wilt be less than first co41putcd. The equation 

,,,..(47) 



>J'i..';!.ni ^A.i / 



xW ff iTirmP.v^m^ '. < ; f-J, 



>"**:i ■. 



ia an approxi0i«ti«in; lb awouttt fon this,-^*^^, ,/^/^y ^$iing f!»f,»atm obtained in the 
fiist dnign. The final selection should bo chucked by Tfio use of ^(i"46. 
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Depending on the particular problem and approach the. designer wishes 
to use, either Eq 45, 45a or 47 wliichever is appropriate as explained 
below: 

a) Equation 45 is appropriate if one wants to know the magnitude 
of moment that a given shape will transmit in the presence of 
axial force P. 

b) Equation 47 is suitable if the problem is to obtain the required 
plastic modulus for P/Py> 0-1 5 in one step without trial and 
error procedures. 

c) Equation 4Sa gives the condition that should bo satisfied at a 
given cross-section and intimates a ' cut and try ' procedure. 
The precautions of Rules R5 to R8 sliould be borno in mind. 

23.2 The Influence of Shear Force — The effect of shear force is some- 
what similar to that of axial force — it reduces the magnitude of the 
plastic moment. Two possibilities of premature ' failure ' due to tl»c 
presence of shear exist: 

a) General shear yield of tlic web may occur in the presence of high 
shear-to-moment ratios, (sections at A and B of Fig. 44). 






ABC 

Fig. 44 Shear and Flexural Stress Distribution in a Cantilever 
Beam That has Partially Yibldbd in Bendikg 
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b) After the beam has become partially plastic at a critical soction 
due to flexural yielding, the intensity of sliear stress at the centre- 
line may reach the yield condition (section at C of Fig. 44)'*'". 

Recent studies have shown that for structural steel with marked strain- 
hardening properties, behaviour ' b ' need not be considered and it is 
only necessary to guard against the possibility of complete shear yielding 
of the web. 

For case (a) the maximum possible shear as given by: 

V = Ty.A, ... ... ... ...(48) 

■» y = -Ti- and i4»= u)(d—2t), thcii 

K = -^ u>{d-2i) 

V3 

Since for wide flange shapes j^-, = 1"0S, and using Oy = 2 520 kg/cm* 

then the following design guide may be formulated: 

I 

Rule 2 Shear Force — The maximum allowable shear force (in kg) 
in a beam at ultimate load is to be computed from: 

V^ = 1 265«tf ... ... ...(49) 

where 

w = web thickness in cm and d is the section depth in cm. 

23.3 Local Buckling of Flang^es and Webs — As a wide flange beam 
is strained beyond the elastic limit eventually the flange or the web will 
buckle. Although stocky sections could be e.\pectcd to retain their 
cross-sectional form through considerable plastic btraui, with thin sec- 
tions local buckling might occur soon after the plastic moment was first 
reached. Due to failure of a beam to retain its cross-sectional shajx;, 
the moment capacity would drop off; thus the rotation capacity would 
be inadequate. Therefore, in order to meet the requirements of deform- 
ation capacity (adequate rotation at Mp values) compression elements 
should have width-thickness ratios adequate to insure against premature 
plastic buckling. 

A solution to this complicated plate buckling problem has been 
achieved by requiring that the section will exhibit a rotation capacity 
that corresponds to a compression strain equal to the strain-harc'ening 
value, <«i (Fig. 2). At this point the material properties may be more 
accurately and specifically defined than in the region between cy and €,/. 

The result of this analysis for flanges of wide flange shapes Is shown' 
in Fig. 45 together with the results of tests. From these cuives and 
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from similar relatiou'dnp.s established, for. webs, the fo^owine de6igi^, guide 
•rriaV W if"*fctf)li;;i1\^tl' W 'ifiwuvc that -the- compreiBive-straiiiS fe^-te^^ 
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•wfrtfor 



ftJA 



' ''] ' , itic||l0^'$'',CSi^;ii|i^i^^ ]Wem^fir8 — '.CJoitipi^e^oA', plem|ents, that jvipuJd 
be">iibj[i6Cted ' ii>, p!^tif}..pfmmj^ and lii^g^ rotation under uUynafie 
loadlii'g, sliau'AWe wdth-tnickhess ratios rib greater than the lollowihg: 

Flanges of rolled shapes and flange plates of similar built-up 
sh?ipes, 17; for rolled, shapes an upward variation of 3 percent may 
;, be tQlerated. The thicl^ness of sloping flanges ii^ay be ts^ken as 
.,,'„ their ayei:age thickne§s. 

. Stiffenors and that portion of flange pktes in box-sections and 
■ coVer plates iiitlud^ betWeoh the free edge anid the first Itntgitudinal 
-row of rivets or connecting welds, 8-5. 

That portion of flange plates in box-sections and cover plates 
included between longitudinal lines of rivets or connecting welds, 32. 

The width-thickness ratio of beam and girder webs subjected to 
plastic bending without axial loading shall not exceed 70. Tlie- width- 
thickness ratio for the Web of -beams, girders and columns designed for 
combined' axial force and; plastic > biding moment at ultimate loading, 
shall be limited by the following formula but need not be less than 40: 

''--•■ d P ■'■■ ' ''■' ''■' ■ • 

-<70-100p ... ...(50) 

InJRef 17 is treated the influence of axiiad force on web buckling. Based 
up9n,thi|S work^;■fl^^ adequacy of ^ule^S may be shown approximately. 

Stiffening would be used where the requirements of Rule 3 were not 
met. Fortunately, nearly all Indifui Standard beam section {see IS: 
8,08rl9$4*X,fvrp .^atiMaclwy i» .this i;?ga?d for P/Pr< 0"15. 

23.4 Lateral Buckling '^ The effect of lateral buckling is much like 
that of local buckling. In fact, in many tests the two frequently occur 
simultaneous. The problem of specifying the critical length of beam 
such that premature lateral buckling wilf, be prevented has ^ot, been 
completely solved. Currently, studies arc bfeing made somewhat along 
the lines of those which proved ito be successful in the case of local buck- 
ling. Although this stiidy is hot yet finished the results of tests and 
ap^v«^ ,tp d^tjB.iprqyid^.sotti^pye^pnt.^idanc,? for the designer. - T^ie 
probjlpip ,i« ;5tp.,i5peci|y; J^ia,cit>g.^eq)Aii:?merits to prpvenJ;, defonoation ,out 
of the plane of the frame. 

" VieldiiigThark(E«tly reduces the resistance pf a member Ht,o lateral 
bifefcHng!* Tri*reff8re'*rac!Mg Wil^be'T^ifed kt' thtese p^ts it whrch 
iJltotlij:>hih^«*j dl* %x^>t«ed.' ' ' IjW^Wn^aMfe ' l?e«#<i<iri' th^'i^ritfCal se<5ti6h^; 
Sdft'V^trihd ttiles'Wiky'f'be 'fbllA^ed'tb protdft^ a^it elalitlti literal, 
buckling. In the event that consideration of the moment diagram 

*Specification for jolled steel beams, channel and angle sections (revised).^^"''''' 
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reveals that a considerable length of a beam is strained beyond the 
elastic limit (such as in a region of pure moment) then additional lateral sup- 
port at such a hinge may be required. The following guide may be used: 

' The maximum laterally unsupported length of members 
designed on the basis of ultimate loading need not be less than that 
which would be permitted for the same members designed under 
the provisions of IS: 800-1962* except at plastic hinge locations 
associated with the failure mechanism. Furthermore, the following 
provisions need not apply in the region of the last hinge to form in 
tho failure mechanism assumed as the basis for proportioning a 
given member, nor in members oriented with their weak axis normal 
to pliine of bending. Other plastic hinge locations shall be adequately 
braced to resist lateral and torsional displacement. 

Rule 4 Lateral Bracing — The laterally unsupported distance let, 
from such braced hinge locations to the nearest adjacent point on the frame 
similarly braced, need not be less than that given by the formula: 

/„=-- (60-40 ^jr, ;..(S1) 

nor less than 35 ty, where 

ry — the radius of gyration of the member about its weak axis, 

M = the lesser of the moments at the ends of the unbraced seg- 
ment, and 

MJMp = the end moment ratio, positive wheii M and Mp have the 
same sign and negative when they are of opirosite sign, 
signs changing at points of contraflexure. 

Members built into a masonry wall and having their web perpendi- 
cular to this wall may be assumed to be laterally supported with respect 
to their weak axis of bending. 

The magnitude of the forces required to prevent lateral buckling is 
small and slenderness ratio requirements Mrill normally govern. Both the 
compression and the tension flanges must be braced at clianges of section. 
Design examples in 26 illustrate a procedure for checking lateral bracing. 

Equation 51 not only assures that the cross-section will be able to 
plastify (develop the full plastic moment) but also be able to rotate 
through a sufficient inelastic angle change to assure that all necessary 
plastic hinges will develop. In deriving this equation, the basis latf^al 
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buckHng equation** has been used, the analysis being based on an idealized 
cross-section that consists of only two flanges separated by the web- 
distance. Therefore, it ah-eady reflects and, in fact, makes use of the 
parameters Ljb and djt. Using the clastic constants of the material, 
and considering idealized behaviour as shown in Fig. 21, it may be shown 
that this procedure leads to a critical slenderness ratio of about 100. 
{Se« also the footnote in Appendix B.) 

While this might be reasonable for a section that was only called 
upon to support Mp, it is unlikely that the resulting critical bracing would 
allow much inelastic rotation — • a rotation that is ordinarily required 
at the first plastic hinge. It will be adequate to require only that plastic 
yield penetrate through the flangei". It is quite evident from Fig. 18, 
however, that the resulting further inelastic hmge rotation thus available 
is relatively small. One of the important contributions of Ref 18 was 
that it developed methods of correlating the critical length for lateral 
buckling with the magnitude of required hinge rotation. 

23.5 Columns — The plastic theory assumes that failtire of the frame 
(in the sense that a mechanism is formed) is not preceded by column 
instability. Although the load at which an isolated column will fail 
when it is loaded with axial force and bending moment can be predicted 
with reasonable accuracy, the buckling problem becomes extremely 
complex when the column is a part of a framework. Since a complete 
sohition to this problem is not in hand, somewhat over-conservative 
simplifications miist be made. 

Rule 1 would suggest (and the results of tests confirm) that if the 
axial load is relatively low and, further, if the moment is maximum at 
the ends of the member, then the stability problem may be neglected. 
On the other hand, if an examination of the moment diagram shbws that 
the column is bent in single curvature, then a more serious situation exists 
and a modification would certainly be necessary to as^re a safe design. 

The following design guide for columns in industrial frames may be 
immediately formulated: 



Roles (or Columns 

Rule 5 — In the plane of bending of columns which would develop 
a plastic hinge at ultimate loading, the slenderness ratio i/r shall not 
exceed 120, J being taken as the djistance centre-to-centre of adjacent 
members connecting to the column or the distance from sucli a member 
to the base pf the column. The maximum axial load P on such columns 
at ultimate loading shall not exceed six-tenths P,, where^ Py is th« 
pDoduct of yield point stress times column area. 
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](i})e 6— r Columns in continuous frilmes where sidesway Is not 
prevent?^ (a)' ty diagonal bracing, (p) by attachment to an adjacent 
structure having ample laiteral stability, or'(c) by floor slabs or roof decks 
secured horizontally by walls or bracing system parallel to the plane of 
the continuous frames shall be so proportioned that: 

7V^70r ^ ^ , 

. 'Rule 7 "^ Except a& otliPtrwise provided in this section. MdMp, 

the ratio of allowable end moment to the full plastic bending strength 

of columns and other axially loaded members, shall not exceed unity nor 

the value given by the following formulas, where they are applicable; 

Case I — For columns bent in double curvature by moments 

producing plastic liingcs at both ends of the columns: 



M8 
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Case tl — For pin-based columus required to develop a hinge at 
, one pnd oijjy, and double curvature columns required 
to develop a hinge at one end when the moment at the 
i. . other end, would be less than the hinge value: 



^-m 



'■()-- 



the numerical values for B and G, for any ghren 
slendemess ratio in the plane of bending, l\r, being 
those listed in Table 1. 

Cds6 : III — For cohirhns bertt in single cuivatcre by end ftibmertts 
of opposite sign : 

\a 
1. 



'"'~''^^~3) 



the numerical values for K and / being those given in 
Table 2. For Caise II columns where //r in the plane 
of bending is less than 60, and for Case I columns, the 
full plastic strength of the member m|y t>^ ^s^ (^«>5S^«) 
when P/-Py would not exceed O-IS.' • ' "' .^'J .■ 

:<!^ Rule: S^^Jnrno case.; shaU tltti;iiatio' of* axial > load to pla8tto> load 
Bjoeetd- that given :bjir.Mth<^, following) igxpiJessiwii:^;!; i- r>.i,i •■'(,:.;• 

:...:.. V..:. ■ J> :9>im r^ Ir .^^^ ;.:;,..,: ;-;;..:.: '; ,"::' ;;.!.. - 

wfter^ /,andi..nvare .the; jt^3;*^a, length radf,ifs.,95f gyr^twa 9JE 

the column in i}\e. i)l^e_ hor,^,,J{d ,tJ5«|t 0,1 the cpi^tiniipl^ fr^m^.\'ju«^ 
consideration. ' ' ' '' " '• '' '■"^ * 
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TABLE 1 CASE 11 PIN BASED COLUMNS. VALUES OP £ AMB «S 
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TABLE 2 CASE III COLUMNS BENT IN SINGLE GURVATURB, 
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As already implied, the failure load of a column and its ability to 
tran&mit plastic moments are dependent upon the loading conditions. 
These are as follows: 

a) Double curvature with plastic hinges at both ends, 

b) Double curvature with plastic hinge at one end and opposite 
end intermediate between pinned and at plastic hinge value, 

c) Single curvature with one end pinned and moment applied at 
the opposite end, 

d) Single curvature with unequal end moments, and 

e) Single curvature with equal end moments. 

Ref 33 treats these cases and develops formulas that will assist the de- 
signer. However, most of the column problems that arise in the struc- 
tures considered in this handlxjok will not require the corresponding 
refinements. 

Whenever it is found that conditions for the preceding ' rules ' 
arc not met, it will be conservative to use tl\e solution for (c) above, as 
given in Rule 7 for Case III. 

It will be recognized that tlie single curvature loading condition 
places the mid height of the cohimn in the most critical loading condi- 
tion. Thus, in the plastic analysis, if a liinge were .issiimcd to form in 
one or both ends of the column, tliis may occur if the cohimn strength 
has been increased adequately to assure that any necessary hinges will 
form in the adjoining beams. Therefore, when the design is complete, 
the column should be selected so that it will have an actual end moment 
capacity five to ten percent greater than required for the development 
of hinges in the beam. 

23.6 Connections — Connections play a key role in assuring that 
the stmcture reaches the comp\ited ultimate load. Points of maximum 
moment usually ocair at connections; and further, at corners the con- 
nections must change the direction of the forces. Also, the connecting 
devices (welds, rivets, or bolts) arc often located at points subjected to 
the greatest moments. Design procedures must, therefore, assure the 
performance that is assunied in design — namely, that connection will 
develop and subsequently maintain the required moment. 

The abiHty of fabricators to successfully connect members by welding 
has lent impetus in recent years to the application of plastic design 
methods; because by welding it is possible to join members .with suffi- 
cient strength that "the full plastic moment njay be transmitted from 
one mepiber to another. However, this is but one of the methods of 
fabrication for which plxstic design is suitable. Plastic design is also 
applicable to structures with paitially welded (top plate) or with riveted 
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or bolted connections whenever demonstrated that they will allow the 
forrriaition of hingeS: ■ -■■ '' ■-'''•• ■•^' >-;<*:'^: ■'•■ !•. -'A 

The variovis types of connections that might be encountered in steel 
frame structures are shown in Fig. 46 and are as follows: corner connec- 
tions (straight, haunched), beam-column connectioitSt, beam-ito-tgirder 
connections, splices (beam, coliomn, rpoi), oolu^tx\ ^xlchoTaige^^^^ 
neous connections (purlins, girts, bracing), . Primary, attepAion^s given 
to corner connections and to beam-cphimn copnectipns, but similar 
approaches may be used when considering the other connection 

typ«s- . . ^,, . , , . :..,,, M, 

23.6.1 Requirements for C()«i»«rtons — The design reqtdrpments 
for cojincctions, are introduced by. consjd^ing the general beh^vipur pf 
^fiereat corner, connection typj^ as observed under Toad^ This- has bi^cn 
dope in Ref 19 and 9 and it is thus ppssible to {q(riii(ulate. fqlur prinlcj^pal 
design requirements — requirements that in principle are commpa to fil' 
connections. These are (a) strength, (b) stiffness, (c) rotation capacity, 
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and (d) economy. They are now discussed in the light of the be- 
haviour of comer and interior connections: 

a) Strength — The connection should be designed in such a way that 
the plastic moment (Mp) of the members (or the weaker of the 
two members) will be developed. For straight connections tha 
critical or ' hinge ' section is assumed at point H in Fig. 47(a). 
As will be seen below, for haunched connections, the criticail 
sections are assumed at Ri and R^, Fig. 47(b). 

b) Stiffness — Although it is not essential to the development of 
adequate strength of the completed structure, it is desirable that 
average unit rotatit>n of the connecting materials does not exceed 
that of an equivalent length of the rolled beam being joined. It 
woiild be an unusual situation, in which deflections of the structure 
were extremely critical, that this requirement would be applicable. 
The equivalent length is the length of the connection or haunch 
measured along the frame line. Thus in Fig. 47(a): 

AL = ri+r. ... ... ...(53) 

This requirement reduces to the following; 



0.^§AL 



...(54) 



which states that the change in angle between sections Ri and 
/?, as confuted shall not be greater than the curvature (rotation 
per unit of length) times the equivalent length of the knee. 



HAUNCH 
POWT 






R2 



l^v- 



(a) 




Fig. 47 Demgkation of Critical Sections in Straight and Haunched 

Sections 
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Nonnally an examination of the desiga to see whether or 
not it meets the stiffness requirement will not be necessary. 
Compared with the total length of the frame line, the length of 
the connection is small. Therefore, if it is a bit more flexible than 
the beams which it joins, the general overall effect will not be 
very great**. 

c) Rotation Capacity — Of much greater importance than sufficient 
elastic stiffness is an adequate reserve of ductility after the plastic 
moment value has been reached. This rotation is necessary to 
assure that all necessary plastic hinges will form throughout 
structure. Thus all connections must be proportioned to develop 
adequate rotation at plastic hinges. Tms subject is . discussed 
later in further detail 

d) Economy — Obviously, extra connecting materials should be 
kept to a minimtun. Wasteful joint details will result in loss 
of overall economy. 

On the basis of the above requirements, we are now in a position to 
Walyee the behaviour of various connection types. 

2i.iJt Straight Corner Connections — The strength of unstiffened comer 
connections will be considered first ; the connection and bading is shown 
in Fig. 48. The design objective is to prevent yielding of the web due 
to shear force at low load. This leai^ immediately to the following 
strength requirement: The moment at which yielding commences due 
to shear force, Af» (t), should not be less than the plastic moment, Mp. 
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Using the maximum shear stress yield condition (Ty= «t,/Z), and assum- 
ing that the shear stress is uniformly distributed in the web of knee, and 
that the flange carries all of the flexural stress, we can obtain a value 
of Mki-x:) which may then be equated to Af*. Using these assumptions 
{see stress-distribution and forces in Fig. 49), it ' may be shown that : 






.(55) 




Fig. 49 



Forces and Stresses Assumed to Act on Unstiffened 
Straight Corner Connection 



Equation 55 is equated to Mp= <SyZ to obtain the required ,web 
thickness :. 



'. = ^(-4) 



.(56) 



Summarizing, the following desi^ guide may be given: 
Rule 9 Straight Corner GonnectlonB — Connections are to be 
proportioned to develop the full strength of the members joined. The 
critical section is to be taken at the haimch, ' H '. The required web 
thickness is given by: 



->V^rfi 



•(56a) 



Examination of rolled shapes (using Eq 56) shows that many of them 
require stiffening to realize the design objective for straight conneotioitf. 
When such stiffening is required, Rule 10 should be followed. Alterna- 
tively if doublers are suitable they would be proportioned according to 

w _ V3S , 
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Assuming, now, that the knee web is deficient as regards to its 
ability to resist the shear force, a diagonal stifiener may be used. A 
\ limit ' approach may be used to analyze such a connection as sketched 
in Fig. 50. The force F, is made up of two parts, a force carried by the 
web in shear and a force transmitted at the end by the diagonal stifiener, 
that is. Fo= Fweb -\-F^utf^i 
when both web and diagonal stiffener have reached the 3deld condition: 

^•==?^+°^' -('^ 

where b, and t, are the width and thickness of stiffener. 



\ 




.1 — 1^_ 





./ 



- — f. 
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Fig. 50 Corner Connection with Diagonal Stiffener 



The available moment capacity of this connection type is thus given by: 



(-f)[ 



Equating this moment to the plastic moment (oy Z), the following guide 
is obtained in which similar approximations have been made as before: 

Rule 10 Diagonal Stlffeners In Connections — The required 
thickness of diagonal stiffeners in corner connections that would other- 
wise be deAcient in shear resistance is give by:' 



V2/S WiTV 



..(59) 



Instead of using the maximum shear stress theory of 5nclding, 
Eq 56 and 59 could have been derived using tlie Mises-Hencky yield 
criterion. The result will be a more liberal mle, and the above-mentioned 
equations become: 

V3S 



K> 



...(S6a) 
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.(59a) 



Design Examples will be found in Section F. Generally the use of a 
diagonal stifiener with a thickness equal to that of the rolled section will 
be adequate and not unduly wasteful of material. 

33.6.3 Haunched Connections — Haunched connections are the pro- 
duct of the elastic design concept by which material is placed in confor- 
mity with the moment diagram to achieve greatest possible economy. 
On the other hand, in plastic design (through redistribution of moment) 
material is used to full capacity without necessity for use of haunches. 

Since the use of a haunch will automatically cut down on the span 
length, than a smaller rolled shape should be possible in a plasticsQly- 
designed structure. If a haunch is to be -specified for arclutectural con- 
siderations, the designer might just as well realize the additional savings 
in the material. Further the use of haunches in long span frames might 
make possible the use of rolled sections, whereas built-up members would 
otherwise be needed. 

Four t5T)es of haunched connections are shown in Fig. 51. Analysis 
and test have shown all of them to be suitable in design, although the 
designer may find more frequent demand for the types shown in the figure. 

It is difficult to generalize with regard to comparative deflections 
as between a frame designed with haunches and one without them. A 
frame with straight connections will have larger rolled members, tending 
to decrease frame flexibility. On the other hand, a frame with haunches 
is more flexible on the one hand because of the lighter members, but is 
stifler on the other hand because of the deeper haunched knees. In one 
comparison** a plastically designed frame with straight connections was 
actually sflHener than the corresponding elastic design in which haunches 
were used- 




Fig. 51 Typical Haunched Cokner Connections 
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The anal3rsis of a frame with haunched connections involves no 
new principles. The effect of the haunches is to increase the number 
of sections at which plastic hinges may form, but otherwise the procedures 
are the same as before. 

Similarly, the methods for computing deflections would embody 
the same principles as those described in 23.9. 

The design requirements will generally be quite similar to those 
for straight comers. Haunched knees may exhibit poor rotation 
capacity". 

This is due to inelastic local and/or lateral buckling. The solution 
is to force the formation of the plastic hinge to occur at the end of the 
haunch. This is accomplished by requiring that the haunch proper 
remain elastic throughout. Thus the flange thickness should be increased 
to meet the demanc^ of the applied plastic moment. Stiffness is auto- 
matically provided in a great majority of cases ; and no rotation ca|)acity 
is required because all plastic deformation occurs in the rolled sections 
Joined. 

Adequate bending strength in the strong direction is only one of 
the strength requirements. The other is that it does not ' kick out ' or 
buckle laterally prior to reaching the design condition. The tendency 
for this mode of failure is greater than in the straight connections because 
in the haunched knees the stress distribution is more nearly uniform along 
the compression flange, it cannot be laterally supported along the full 
length, and, therefore, a larger amount of energy can be released by buckl- 
ing.. The requirement that the connection remain elastic is, therefore, of 
considerable advantage. 

For tapered haimches the design problem will be to find the required 
thickness of inner flange of the haunch to assure hinge formation at the 
extremities (k>cations A and C of Fig. 52). Also the knee web should 
have adequate thickness to prevent general plastic shear*. 

Therefore, the analysis problem is to have a method for predicting the 
maximum flange stress due to the applied loading; secondly, a method 
of suitable simplicity should be available for computing the maximum 
shear stress. In a recently completed report avadhible methods are com- 
pared, and in so far as normal stresses are concerned, it was found that 
Um method of Olander was ^uite reasonable. The report also compares 
the results with tests. 

Curved knees have been treated, in Ref 32 and the results of this 
work have been applied to conventional design procedures in Ref 29. 
It is still necessary to force hinge formation at the extremeties of the 
hannch and thus a further increase of flange thickness appears necessaxy. 



*V9naaUy ^Um deck i* ntolnd onljr te tjrpe shown in Fig. 51(b). 
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FiG. 52 Example of Tapered Haunch 



Although studies to date have not been completed to the point whew 
the required flange thicknesses may be picked from a chart, the resuHl 
suggest that an increase of 50 percent in flange thickness requiremeats 
should lead to a safe design. 

In summary, then: 

Rule 11 Haunched Connections — Haunched connections are to be 
proportioned to develop plastic moment at the end of rolled section 
]oii«Ml. 

In ovder to force formation of hinge at the end of a taptrsd hawuk, 
make flange thickness 50 percent greater than that of section joined. 
For curved knees the inner flange thickness is to be 50 percent greater 
than required by the rules of Ref 29. 

Use Rule 9 to check web thickness (adequate to resist shear forces). 
The distance ' df ' is to be that as shown ,in Fig. 52. 

Current research has extended and systematized the procedures with 
regard to the actual proportioning of haunched connectbns. A theor»- 
ti^ study and experimental investigation are nearing oompleti<m on 
this aspect of the problem. 

mAA Analysis of InUrior Btam-Column Coknections — The interior 
beanirto-column connectiona are those shown as ' 2 ' in Fig. 46 and in 
further detail in Fig. 53. The function of the ' Top ' and the ' Interior ' 
coqnection* ia to transmit moment from the left to the right beam, the 
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(b) SIDE 



(c) INTERIOR 



Fig. 53 Beam to Column Connections of (a) Top, (b) Side, and 

(c) Interior Type 



column carrying any unbalanced moment. The ' Side ' connection 
transmits beam moment to upper and lower columns. The design 
problem is to provide sufficient stiffening material so that the connection 
will transmit the desired moment (usually the plastic moment Mf), 
Therefore, methods should be available for analyzing the joint to predict 
the resisting moment of unstifiened and stiffened columns. 

The moment caf>acity of unstifiened beam-to-column connections 
[Fig. 54(a)] may be computed on a somewhat similar basis as that adopted 
usually in conventional (elastic) design practice. In the limit, the force 
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FlG. 54 Methods of Stiffening an Interior Beam to Column 
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wbich the coluiiui web can sustain is equal to the area available to carry 
the reaction times the yield-pohit stress. Referring to Fig. 55, the force 



which should be transmitted is known 



(t = a,ii--). 



The reaction 



width is ecjual to the column web thickness, w,. As a conservative 
approximation it can be assumed that the lengtli of reaction zt)nc is lialf 
oif the beam depth plus three times the A'-distunce of the column. There- 
fore one may write : 

...(60) 
...(61) 

...(62) 



or 



T = (Reaction aiea) X (oy) 
From Eq 61 a direct design check may be formulated, 



We^ 



dt+6k. 




\r~[ 



«•— T«(^^ 



Fig. 55v Assumed Stress Distribution in Beam Column Connection 

WITH No SrmENBR 
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which gives the required column web thickness, »c to assure that the 
plastic moment will be developed in the beam. Except for those cases 
where the columns are relatively heavy in comparison to the beams, the 
test by Eq 62 will often show inadecjuate strength of the column. Re- 
course is then made to flange or web stiffeners of the type shown in Fig. 54. 

A ' limit ' analysis of connections with flange stiffeners* may be used 
which results in a direct design procedure for determining the required 
thickness of stiifener, /,. Assume that a stiffener is required and that 
it will adequately brace the column web against buckling. Then, refer- 
ring to Fig. 57 in which the plastic moment {Mp) is acting at the end of 
the beam, the thrust T should be balanced by the strength of the web 
(r,) and of the flange plate {T,) or 

T = r.+Tf ... ... ...(63) 

with Tw == torce resisted by the web 



==WyB'«(^+3*«j 



and 7. 
and r 



= force resisted by stiffener plate 
= Oy tlb 



= av 




Fig. 56 Assumed Stress t)iSTKiBUTioN in Beam to Column Conmection 
WITH Flange Type St»7bnbr 
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a direct solution for required stiffener thickness is: 

«.= Mi4*-a'.{i»+6*,)] ... ... ,..(64) 

The results of tests show that this approach is conservative. 

Web stiftoners may be proportioned on a similar basis to that des- 
cribed for unstiflened connections. For use in Eq 60 the reaction area 
is made up of the area supplied by the column web and the two inserted 
auxiliary webs [Fig. 54(c)]. This is given by: 

Reaction area = w,(^ +3kA+2w,lh+^f^c) ••• ...(65) 

where 

i»,= the thickness of the web-type stiffener, and 
/» = the stress of . the beam flange. 
Adequate information is thus available for obtaining its required 
value. 

The second general type of stiffener that might be needed is that 
necessary to assist in transmitting shear forces. ' Side ' coiinections 
[Fig. 53(b)] or interior connections with large unbalanced moments may 
require ' shear stiffening ' if the column does not carry much direct 
stress. In such a case the column web at the joint is called upon to 
transmit forces such like those of Fig. 49. An examination tiimlar to 
that leading to £q 56 would, therefore, be desirable in this infrequently 
encountered case. 

In summary the following design guide is suggested: 

Rule 12 Interior Beam-Column Gonnectlone — To assure that an 
unstiffened column will transmit the plastic moment of the adjoining 
beam, its web thickness should be governed by: 

**''>^;+6*: "^^^ 

If ' flange ' stiffeners are used for reinforcement, their nqjaSni 
thirkneiM is given by: 

<.»^[ii»-»,(rf»+6*J] ... ... -(«5] 

Altematively, if 'web' type stifieners are used: 

__ At— w«(it4-6*») #*-, 

•" Mh + ^ - 

The thickQeas w, should not be leM than that of the oolumiM. 
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In exterior columns or in other cases of large unbalanced moment, 
examine adequacy of web to transmit shear force. 

Example 8: 

Illustration of the application of the equations in Rule 12 will now 
be given. Joints that are typical of interior beam-column connections 
are shown in Fig. 53 and an example of their occurrence in design is shown 
in Sheet 1 of Design Example 9, sketch (a). The designs of three tjrpes 
of connections wiU now be considered. 

The connection shown in Fig. 57(a) should transmit moment from 
the beam to the columns above and below. The first question is, ' are 
stiffeners required ?' 

From Eq 62 using properties of the ISLB 600 and ISLB 550: 

At= 126-69 cm= 

di = 600 cm 

K,= 3-70 cm 

Wc= 0-99 cm 

The required thickness of column web is: 

At 126-69 , , . ..- 

t > = -; — ^ = ^^ „^ ^. = 1-54 cm>0-99 cm 
• '^ di+6kc (60+22-2) 

Therefore stiffeners are required. Using horizontal ' flange ' stiffeners, 
the required thickness is given by Eq 64: 

«, = ^ [^»-w,(i»+6A,)] 

^ [126-69-0-99(60+22-2)] 



2(21) 

= 109 cm 

Use 12 mm thick stiffeners. 

Next, the web should be examined to see if it is adequate to resist 
the shear force introduced by the column moment.* Very recently it has 
been shown that an extension of £q 58 leads to the following relation- 
ship for a 3- or 4-way ootmection: 

*, > —J- — ..• ...(66a) 

where 

t»— column web thickness in cm, 
M B= unbalanced moment on the connection in m.t, and 
A = planar area of connection in cm*. 
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(e) (d) 

Fig. 57 Beam to Column Connection with Stiffeners 



Contd 



In an actual design, the moment computed in the frame analysis wouid 
be used. In this problem, the moment will be taken as the maximum 
possible value, rtamely, Mp of the section. Thus 
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Fig. 57 Beam to Column Connection with Stiffeners 



Thus shear stiffening is required. A dia|[onal stiffener as shown in 
Fig. 57(a) will be specified. Assuming that all of the unbalanced moment 
is carried by the flanges, the area of stiffener may be computed from: 

a. A, cos 48° = ^ 



di 



A. 
A. 



M„ 



_ Z. (1 •57-0-99) 
o, cos 48" dt {1-57 cos 48°)i» 

2 798-6 X 0-57 ^^ i . t 
= 25-3 cm* 



l-57{0-67)60 
Use 2 stiffeners of size 100x15 mm. 

The connection shown in Fig. 57(b) is next examined to see if the 
web is adequate for shear. 

From £q 66a: 

71Af 

*-> -T-_ 

_ 71(45-12-25-35) 

55x35 
«. 0-726>0-74 
No additional stiffening is considered necessary. 

The connection shown in Fig. 57(c) should be examined for adequacy 
with regard to moment aad shear stiffeners. Having in mind that a 



110 



SP: 6(6) -1972 



ooanectioii of this type will freciuently have a beam framing into it at 
right angles to the plane of the joint, a web type stiffener should be used 
if the calculations suggest that one is required. Further, the two beams 
framing into the column are of different depths. Using Eq 62: 






126-69 



600+6(3085) 
= 1-43 cm>0-74 cm 

SUffming is required 
Using Eq 66: 

4{/»+6*,) 
126-69-0-74[60+6 X 3085] 



4(1-55+3 X3085) 
1-58 cm 



The stiffener shown in Fig. 57(d) may either be fabricated from 
plate stock or by splitting ISLB 350, trimming the flanges to suit the 
purpose. There is a fabripation advantage in using tlie latter since it 
would only involve the procurement of a short additional length of the 

column section already specified. 

In checking for shear, 

TIM 7 1(6008-33-71) 
'• 4 "" 60x35 
«= 0-89 cm. 

Bfore than an adequate amount of material is thus available to transmit 
the applied shear force. 

3SAA ConneeHoHS Using High-Strength Bolts — High-strength bolts {see IS : 
4000-1967*) may be used to join members [see Fig. 57(|e)] in one of two 
ways. Either they may be considered as splices in regions of negligible 
moment or they may be used at positions at which plastic hinges are 
expected to form. In the latter case at ultimate load the design may 
be based upon tension values equal to the guaranteed minimum proof 
load and shear values equal to the normal area of the bolt times 1 760 
kgf/cm*. 

*Codo of practic* foe ■wwiiMy of ttnictunl joints siting high tenaile filctioa 
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An illustration of the design of a moment connection in the vicinity 
of a plastic hinge will now be given. The example chosen is joint 8 of 
sheet 5 of Design Example 7, sketch (h), shows the welded detail. The 
problem is to join the girder to the column at section 8 with high strength 
bolts to transmit the necessary moment. The design calculations follow. 
Bolts of dia 14 mm will be specified with a proof load of 7 900 kg. 

For vertical shear, _ q..- = 4-3 bolts 

Minimimi number of bolts = 5 
Bolts required to develop top flange load 

_ /4^x2 540 _ [208x21-0-2(2-08)(2-S)]2 540 _ 
" 7 900 "" ■ 7 900 " "" - '""^ 

Top plate design: 

_-• 1, 7 900x12 - .„ 

^^^'^^^^'^ = 2 540[20-(2x2-5)] = ^'^^ '"^ 

Use a top plate of 200 X 25 mm connected by 12 bolts to the top flange. 
Try 6 bolts in tension. Moment capacity of connection should be greater 
than plastic moment of ISMB 600. 

Mp= OyZ = 88-46 m.t 

M =[12x7 900x {60-8-0)+16 300(2)(37r5+30-5+23-0)] 

= (49-40+29-6)= 790 

This is less than Mp. 

Note — Vertical platea joined by bolts loaded in tension by the applied 
moment must be designed adequate to transmit the tension. 

The following comments are in explanation of the above steps: 

a) The ' tension value ' of a 24 mm bolt is taken as the guaranteed 
minimum proof load of 16 300 kg. The shear value is assumed 
as 7 900 kg. 

b) With a vertical shear of 33-7 t acting upon the joint, a minimum 
of 5 bolts are needed. The 8 bolts fuvnished will be adequate. 

c) The calculation of the number of bolts required to ' develop ' 
the strength of the top flange when it is plastic results in the 
number 10-7 bolts are, therefore, furnished, and the top plate is 
proportioned such that it will actually transmit the force due to 
12 bolts loaded in shear. Thus this plate will transmit not only 
tiie flange force, but also a portion of the web force. 

(I) Tile 6 bolts in tension are also assumed to be working at their 
giiiinantced minimum proof load when the plastic moment comes 
on the joint. Actually the bolts will be considerably stronger 
than this minimimi value. 
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e) Bolts in the splice just over the column would be in sufficient 
number to transmit the necessary shear to the column. The 
exact number would depend upon the number of bolts that would 
be required for the ISLB 350, beam joining the left flange of the 
column. 

23.6.6 Riveted Connections — Riveted connections could be propor- 
tioned in a manner that would make use of similar principles to those 
involved in 23.6.5. For this purpose the tension value of a rivet would 
be computed on the basis of a yield stress of 2 540 kg/cm*. For rivets 
in shear, at ultimate load the shear stress would be Umited to 1 760 
kgf/cm«. 

23.7 Brittle Fracture — Since brittle fracture would prevent the for- 
mation of a plastic hinge, it is exceedingly important to assure that such 
failure does not occur. But it is an equally important aspect of con- 
ventional clastic design when applied to fully-welded continuous structures. 
As has already been pointed out in previous sections the assumption of 
ductiUty is important in conventional design and numerous design 
assumptions rely upon it. 

In the past years the failures of ships and pressure vessels have 
focussed attention on the importance of this problem. And although 
hundreds of articles have been published on the problem of brittle frac- 
ture, no single easy ruJe is available to the designer. 

In plastic design the engineer should be guided by the same principles 
that govern the proper design of an all-welded structure designed by 
conventional methods, since the problem is of equal importance to both. 
Thus: 

a) The proper material should be specified to meet the appropriate 
service conditions. 

b) The fabrication and workmanship should meet high standards. 
In this regard, punched holes in tension zones and the use of 
sheared edges are not permitted. Such severe cold working ex- 
hausts the ductility of the material. 

c) Design details should be such that the material is as free to 
deform as possible. The geometry should be examined so that 
triaxial states of tensile stress will be avoided. 

How can we be sure that brittle fracture will not be a problem even 
if the suggestions mentioned above are followed ? Wliile no positive 
guarantee is possible, experience with tests of rolled members under 
normal loading conditions (but with many ' adverse circumstances ' 
present that might be expected to lead to failures) has not revealed pre- 
mature brittle fractures of steel beams. Further, the use of fully conti- 
nuous welded ' construction in actual practice today has not resulted in 
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failores, and factors that are otherwise neglected in design have meet 
certainly caused plastic deformations in many parts of such structures. 
Summarizing, the following guides are suggested: 

Rule 13 Structural Ductility — Ordinary structural grade steel for 
bridges and buildings may be used with modifications, when needed, to 
insure weldability and toughness at lowest service temperature. 

Fabrication processes should be such as to promote ductility. 
Sheared edges and punched holes in tension flanges are not permitted. 
Punched and reamed holes for connecting devices would be permitted 
if the reaming removes the cold-worked material. 

In design, triaxial states of tensile stress set up by geometrical 
restraints should be avoided. 

23 J Repeated Loading — Up to this point the tacit assumption ha^ been 
made that the ultimate load is independent of the sequence in which the 
various loads are applied to the structure. One would also suppose that 
a certain degree of fluctuation in the magnitude of the different loads 
would be tolerable so long as the number of cycles did not approach values 
nonnally associated with fatigue. 

In the large majority of practical cases this is true. For ordinary, 
building design no further consideration of variation in loads is warranted. 
However, if the major part of the loading may be completely removed 
from the structure and re-appUed at frequent intervab, it may be shown 
theoretically that a different mode of ' failure ' may occur. It is cha- 
ncterized by loss of deflection stability in the sense that under repeated 
applications of a certain sequence of load, an increment of plastic defor- 
mation in the same sense may occur during each cycle of loading. The 
' question is, does the progressive deflection stop after a few cycles (does 
it ' shake down ') or does the deflection continue indefinitely 7 If it 
continues, the structtire is ' unstable ' from a deflection point of view, 
even though it sustains each application of load. 

Loss of deflection stability by progressive deformation is character- 
ised by the behaviour shown in Fig. 58. If the load is variable and 
repeated and is greater than the stabihzing load, P„ then the deflections 
tend to increase for each cycle. On the other hand if the variable load 
is equal to or less than P„ then, after a few cycles the deflection vrill 
stdwize at a constant maximum value and thereafter the behaviour will 
be dastic. 

In the event that the unusual loading situation is encountKed, 
are available fot solving for the stabilizing load, P„ and the 
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Fig. 58 Curves Explaining Loss of Deflection STABU-mr by 
Progressive: Deformation 



design may be modified accordingly"-***. As mentioned earlier, 
liowever, tlus will not be necessary in the large majority of cases. In 
the first place the ratio of live load to dead load should be very large ia 
order that P, be. significantly less than P», and this situation is Unusual. 
Secondly, the load factor of safety is made up of many factors other than 
possible increase in load (such as variation in material properties and 
dimensions, errors in fabrication and erection, etc). Variation in live 
load, alone, could not be assumed to exhaust the full value of the factor 
of safety; amd thus the live plus dead load would probably never reach 
P,. Further, as pointed out by Neal", failure in this sense is accom- 
panied by a very definite warning that loss of deflection stability is 
imminent. This implies that a lower load factor would be appropriate 
as regards P, than as regards P». 



Rule 14 Repeated Loading — Plastic design is intended for cases 
normally considered as ' static ' loading. For such cases the problem of 
repeated loading may be disregarded. 



'Another repeated loading eifect is called ' alternating plaftticity ' or ' plastio 
fatigae '. It is characterized by an actual reversal of stress of a magnitude s ufflh fan t 
to cause plastic deformation duitag each cycle. Unless the design criterion to M- 
qaired to be controlled by fatigue, ue discussion which follows in this section 
•qpally well to ' plastic fatigue ' as well as to ' deflection stablUty '. 
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Where the full magnitude of the principle load(s) is expected to 
vary, the ultimate load may be modified according to analysis of deflec- 
tion stability. 

23.9 Deflections — Methods for computing the deflection at ultimate 
loatd and at working load have been summarized in Ref 9, and these will 
be outlined herein. However, the problem of deflections is not a serious 
one to plastic design, because in most cases a structure designed for 
ultimate loading by the plastic method will actually deflect no more at 
working loads (which are nearly always in the elastic range) than a struc- 
ture designed according to ' elastic ' specifications. For example, Fig. 59 
sho"^ three different designs of a beam of 10 m span to carry a working 
load of 10 t. Curve I is the simple beam design. Curve III is the plastic 
design. The deflections at working load for the plastic design are signi- 
ficantly less than those of the simply-supported beam, albeit slightly 
greater than the elastic design of the restrained beam (Curve II). 




[/-^t^aVsPAN 



DEFLECTION 



Fig. 59 Load Deflection Relationship for Three Design Beams 
FOR Supporting the Same Load 
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The primary design requirement is that the structure should carry 
the assumed load. The deflection requirement is a secondary one — the 
structure should not deform too much out of shape. Therefore, our 
needs involving deflection computation may be satisfied with approxi- 
mations and they fall into two categories: 

a) Determination of approximate magnitude of deflection at ultimate 
load — The load factor of safety does not preclude the rare over- 
load, and an estimate of the corresponding deflections would be 
of value. 

b) Estimate of deflection at working load — In certain cases, the design 
requirements may limit deflection at this load. 

Fortunately, even though such calculations will rarely be required, 
methods are available for making these computations that approach in 
simplicity the methods for analysing for ultimate load. The analysis 
neglects catenary forces (which teiid to decrease deflection and increase 
strength) and second-order effects (which tend to increase deflection and 
decrease strength). Also ignored are any factors that influence the 
moment-curvature relationship. (In Ref 9, IS, and 30 may be found 
discussion of these and other factors.) 

23.9.1 Deflection at Ultimate Load — .The so-called ' hinge method ' 
(discussed in the references mentioned above) gives a reasonably precise 
approximation to the load-deflection curve and affords a means for 
estimating the deflection at ultimate load. This method is based on the 
idealized M—<f> relationship (Fig. 17) which means that each span 
retains its elastic flexural rigidity {EI) for the whole segment between 
sections at which plastic hinges are located. Further, although ' kinks ' 
form at the other hinge sections, just as the structure attains the com- 
puted ultimate load, there is still continuity at that section at which the 
last plastic hinge forms. 

As a ajnsequence, the slope-deflection equations may be used to 
solve for relative deflection of segments of the structure. The moments 
having been determined from the plastic analysis. The following form of 
these equations will be used, the nomenclature being as shown in Fig. 60 
with clockwise moment and angle change being postlTve: 

The only remaining question is: which hinge is the last to form ? 
An elasti-plastic analysis could be carried out to determine the sequence 
of formation of hinges, and thus the last hinge. However, a few examples 
will demonstrate that a simpler method is available: calculate the deflec- 
tion on the assumption that each hinge, in turn, is the last to form. The 
oofrect deflection at ultimate load is the maximum value obtained from 
the various trials. 
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Fig. 60 Sign Convention and Nomenclature for Use in the 
Slope-Deflection Equations 



In outline, the following summarizes the procedure for computing 
deflections at ultimate load: 

Rule 15 Deflection at Ultimate Load 

a) Obtain the ultimate Imid, the corresponding moment diagram 
and the mechanism (from the plastic analysis). 

b) Compute the deflection of the various frame segments assuming, 
in turn, that each hinge is the last to form: 

i) Draw free-body diagram of segment, and 
ii) Solve slope-deflection equation for assumed condition of conti- 
nuity. 

c) Correct deflection is the largest value (corresponds to last plastic 
hinge). 

d) A check: From a deflection calculation based on an arbitrary 
assumption, compute the ' kinks ' formed due to the incorrect 
assumption. Remove the ' kinks ' by mechanism motion and 
obtain correct deflection. (This is also an alternate procedure.) 

The procedure is now illustrated in examples 6 and 7 which follow: 
Example 6: 

(Fixed-ended beam, imiform vertical load) 
a) VUimaia load (£q 27) 
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b) Moment Diagram and Mechanism — Fig. 61 (a) 

c) Computation of Vertical Deflection 
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Fig. 61 Deflection Analysis of Fixed-Ended, UmroRMLY 

Loaded Beam 
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Tmal at Location 2 (Location 2 assumed as last hinge to form) 

Free-body diagram — Fig. 61(b) 

Slope-deflection equation for member 2-1 using the condition that: 



'.= «i+x' + 3-iK^') 



9*x = Simple beam end rotation = — ,^^- 

Svjjs Vertical deflection with continuity assumed at Section 2 

12EI ^ £/2 ^ 3EJ\ ^^^ 2 ) 

Trial at Location 1, 

Even though it is obvious that last hinge forms at ' 2 ', what is the 
effect of incorrect assumption ? 
Free body — Fig. 61(c) 

Slope-deflection equation for sequent 1-2 using the condition that: 
^1=0 



Oi=ei-H?;i+- 



r"3^/Kt) 



°-+ 1217 +1/2 + 3F/V *+"Ty 
.-.Ski = 

Thus the correct answer is iV = .J--, - 

« 12£/ 

Exmtfie 7: 

(Rectangular portal frame, fixed bases) — Fig. 62 

a) UUimate Load (by plastic analysis) 

P -^ 
-~ L 

b) Moment Diagram and Mechanism Fig. 62(b) and (c) 
e) Free-body Diagrams — Fig. 62(d) 

d) Computation of Vertical DejUdion 
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Fig. 62 Dekuction Analysis of Rectangular Frame witb Fixed 

Bases 
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Ratio of 8jf akd 8^: 

From the condition of continuity at Location 2, $g^wm0g^: 

*»" °+ Z72 + 31/ r + "r;=' T- + 12£/ 

28k, WgL 2iHt MpL 
L "'' 12£/ "" L "^ 1217 
.•.8k =« 8h 
Trial at Location 1: Member 1-2, &i= 

Trial at Location 3 : 0„= 6^ 

fl -04. 8''» 4.^/2 28k,_M/. 

*••= ^- 172 + 3£7 V^- 2 ;== -r -^ r2£7 

Trial at Location 4: Similar procedure using 1^43= 9^ 

Trial at Location 5 : Similar procedure using fl,=»» 

'^"•-^ 

Correct answer is: 8^ =* 8,^* = *»'» « j^r (Last hinge at location 1) 
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33.9J DeftectioH at Working Load — Usually the structure will be elastic 
at wwking load, Implying a need for an elastic analysis of the structure. 
Bttt it is desirable to avoid such an elastic analysis, if at all possible. For 
certain standard cases of loading and restraint, solutions are already 
available in handbooks. For such cases one would divide the computed 
ultimate load by F, the load factor of safety, and solve for working load 
deflection from tables. Taking the fixed-ended beam of Example 6, 
for instance (Fig. 61), it is found that: 

When end restraint conditions are not known, often they may be esti- 
mated and the above technique employed. 

As'an indication as to whether or not an actual calculation of deflec- 
tion at working load should be made, recourse may be had to the methods 
of the previous section. The deflection at ultimate load (8,) may be 
computed by the hinge method, and a value that will be greaier than the 
true deflection at working load may be obtained from: 

8.,=^- -m 

This is illustrated by the dashed line in Fig. 63 for the uniformly-loaded, 
fixed-ended beam. The error may often be greater than 100 percent. 



■CALCULATED IN PREVIOUS 
EXAMPLES 



\ 



W 




Fig. 63 Idealized Load Deflection Relationship for Fixed-Ended 
Beam with Uniformly Distributed Loai^ 
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but it gives an upper limit to 8« and indicates when more refined calcu- 
lations ard necessary. 

Rule 16 Deflection at Working Load — If computation of beam 
deflection at working load is required, this may be done by reference 
to handbook tables. 

An upper limit of the deflection of a frame at working load is obtained 
from S,/ = BulF. 

In Section F will be found several additional examples of the esti- 
mation of deflections for design purposes. 

23.9.3 Rotation Capacity — In order that a structure attains the com- 
puted ultimate load, it is necessary for redistribution of moment to occur. 
As pointed out in 15 this is only possible if the plastic moment is main- 
tained at the first hifige to form while hinges are developing elsewhere in 
the structure. The term ' rotation capacity ' characterizes this ability 
of a structural member to absorb rotations at near-maximum (plastic) 
moment. It is evident that certain factors such as instability and 
fracture may limit the rotation capacity of a section ; and one might 
anticipate having to calculate the amount of required rotation in any 
given problem to meet the particular limitation. This would seriously 
complicate plastic design. 

However, computations of the required rotation angle (called ' hinge 
rotation ') are normally not required in design, since the foregoing rules 
of practice will assure that structural joints possess it in ade<}uate mea- 
sure. In setting up the procedure for safeguarding against local buckling 
(Rule 3) it was specified that the section should not buckle until the 
extreme fibre strain had reached «,/. The hinge rotation supplied in 
this case is about 12 (««/cy— 12); this value is sufficient to meet most 
practical structural requirements. 

The procedure for computing the hinge rotation at a plastic hinge 
in a given structure is based directly on the methods for computing 
deflections at ultimate load. It has been illustrated in Ref 9 and the 
problem has been treated in Ref 31. 
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SECTION F 
DESIGN EXAMPLES 



24. INTRODUCTION 

24.1 This section will treat actual design problems for the purpose of 
illustrating the principles of plastic design. In addition to obtaining 
the required section following the general procedures laid down in 21 
and 22, each design will be examined in the light of the ' secondary 
design considerations' (Section E). In the process of analyzing each 
structure, 'short cut 'methods will not be used. Instead, each problem 
will be worked by a direct and complete plastic analysis. The 
experienced designer will, of course, want to use all possible techniques 
to shorten the design time, but at this stage the objective is to illustrate 
the principles. 

The available 'short-cuts' for speeding up the design process will be 
treated in Section G. Just as in conventional elastic design where the 
engineer has available various formulas, tables and charts with which 
to analyze standard cases, so also it has been possible to arrange con- 
venient design aids for the rapid selection of member sizes. 

In arriving at a final section size it will be noticed that i table of 
Z-values has been used: when the required Af^-value has been determined, 
Z is computed and Table 4 is used to select the section. An alternate 
procedure that would save a step in the calculations is to arrange the 
sections according to Af^-values instead of Z-values. This limits the use 
of the table,^Jiowever, to a single value of the yield stress level a,. Still 
another method would be to use the presently available tables of section 
modulus, S. This would involve a guess as to the proper value- of the 
shape factor, /, a value that would be corrected, if necessary, in the final 
step. 

The load factor of safety has been discussed in 22. A value of 1"85 
is used for dead load plus live load and a value of 1-40 for these loads 
plus wind or earthquake forces. 

As a convenience for later reference, the examples arc all worked in 
figures or ' plates *, the discussion of the steps being included in the text. 

25. DESIGN EXAMPLES ON CONTINUOUS BEAMS 

25.1 Design Example 1 — A design example is worked out in the 
following two sheets to illustrate the design of a beam of uniform section 
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throughout. It develops that tlie end span is critical and, theTetore, it 
is not possible to determine by statics alone the moments and reactions 
for the three central spans. The semi-graphical construction demons- 
trates that the plastic moment is not exceeded so the selection of the 
ISLB 600, will provide adequate bending strength. 

A precise determination of the reactions at ultimate load would 
require an elastic analysis. They are computed in this problem, how- 
ever, on the assumption that the load on the interior span 3-S is divided 
evenly between the two supports 3 and 5, 30-06 t being distributed to 
each. Actually the shear in span 3 to 5 does not vary too mucli and should 
fall somewhere between values that would correspond to the two limiting 
conditions indicated by Cases I and II in the portion of the moment 
diagram re-plotted. Thus, V^^ may vary between the assumed value of 
30-06 t (Case I in the sketch) and which would be obtained from Con- 
dition II (30-06+^— - 32-86 t). 

The maximum shear (35-22 t to the left of support 3) is well within 
the permitted value of 79-7 t for this shape. But when the cross-sectional 
proportions are ch(;cked it is found that djw — 57-14>55 (permissible). 
Hence it is recommended that aii ISMB 550 be used. It is checked that 
the cross-sectional proportions for this profile is adequate. 

With regard to bracing, the structure is assumed to be enclosed. 
Thus the top flange is continuously braced. Vertical plates are supplied 
at section 2 to provide some torsional restraint to the beam. 

Splices for shear only will be adequate at the indicated sections. At 
a distance of 2-5 m from the support (at the indicated points), a small 
variation from the actual point of inflection is not of serious consequence 
to load-carrying capacity. 

Whether or not the deflection calculation would be made depends 
on the design conditions. The greatest deflection will be in the end 
spans and will probably not be far from the value 2-9 cm for the case of 
the indicated approximation. 
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DESIGN EXAMPLE 1 BEAM WITH UNIFORM SECTION 

Structure and Loading 

L -13 m 

W -=2-5 t/m 

Uniform Section Throughout 




I SYM ABOUT £ 



DETERMINATE MOMENT DIAGRAM 




0-/iU.L 



MECHANISM 

^^ WnU 4-625 xl3» 



97-7 m.t 



8 8 

Mp - 0-686 Ut - 0-085 8 WJJ - 085 8 x 13 x 13 x 4-625 

-6706 m.t Z - ^ - 



67 06(1««?«?V- 2 661-2 cm. 



2 520 j 



•Fo« I 



c.lc«I.Moou«8»68-i°|^ 



(ComHihm^ 
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DESIGN EXAMPLE 1 BEAM WITH UNIFORM SECTION — Conti 

RtaeUons (at Ultimate load) 



i?, (0-4141.) -W. 
i?i = 2491 t 



J 



(0-414Z,)* 



mrrr 



m 



vMp 



Mp 






V,» + V, 



65-275 1, y?, 
Mft* Shear 



(-24-91 +60-125)4-30-06 
= IV»L ff, =60-125 t 



Try ISLB 600 

W =. 10-5 cm 

d c- 60 cm 

/ =- 72 867-6 cm* 



Vmss' r„»3S-22 t 

VmM (allowable) (Rule 2) = 1 265 fwf = 79695 kg or 79-7 t<3S-22 t 



.OK 



Cross-Section Proportions (Rule 3) 

.OK 



210 
*''"T51"° "•55<17. 



dlW 



S7-14>55 



y-'^ ' - v/y-'-'-i ' ■ 



600 
10-5 
.-. adopt ISMB 550. 
check as follows 
/ — 1-93 cm 
b m. 19-0 cm 
u(= 1-12 cm 
d —550 cm 

Vmu (aIlowable) = l 265 wdr^lin 035-22 OK 

b\t = 9-8<17 OK 

dlw =49-l<55 OK 

Bracing Requirements (Rule 4) 

Note — Beam supports concrete slab, bottom flange exposed. 



'llmillti 



^ 


15-5m-H»13(T 


< -»t— 13ni 


H 8m 


r »5-5ro — 


1 


■13m-»{ 


t 

-5(pj3m 


t 

.65m— 


1 t 



I ' I 1 1 1 1 1 1 1 1 1 I 



(COM<t«IW«(f) 
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DESIGN EXAMPLE 1 BEAM WITH IH^IFORM SECTION — Co«M 

Provide shear splices at points indicated above. Alternatively splice at coavaalmt 
locations for moment indicated in diagram. 

Provide welded vertical plates at section 2. 

DtfitcHoH' at Working Load P (Rule 16) 

WL* 2-5 X 10* X 13* »„ 

= 2-9 cm 




^^7.06 



129 



SP!6(6)-1972 

25J Design Example 2 — This is the design example of a 3-span conti- 
nuous beam, with dissimilar sections are to meet the needs of the different 
spans. The simple span moment diagram is first laid out to scale to 
facilitate the semi-graphical solution. The centre span is the critical 
one and requires an ISLB 450 shape. 

Since it is only planned to splice for shear, the ISLB 450 member 
will extend into the side spans to the points of inflection. The required 
moment capacity of these two spans will thus be determined by the 
moments at Sections 2 and 6. The magnitude of these moments (17'3 m.t 
and 16-0 m.t) are either calculated as shown or picked off graphically 
as are the distances to hinge points 2 and 6. 

All sections are satisfactory with regard to shear force. Since the 
smallest beam carries the largest shear, the ISMB 300 need not be 
checked. 

Splices are located at points of inflection and need be designed for 
shear only. Alternatively, if full moment splices were desirable, then 
the length of the heavier ISLB 450 beam could be decreased 1-5 m on 
the left and 1-0 m on the right. The position of the splices are indicated 
by the dotted ordinates in the moment diagram. It is doubtful if the 
additional fabrication cost warrants the savings in weight of main 
material unless the latter is of paramount importance. 

No additional bracing at Section 4 was specified because in this 
configuration, this hinge will not form prior to that at Sections 3 and 5. 
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DESIGN EXAMPLE 2 CONTINUOUS BEAM 

SIructiire and Loading 

3-Span Continuous Beam vWt"1*4l/ni ^j= 2-1 t/m 

Dissimilar sections will 
be specified to suit the 
inomcnt diagram, 

£ =8 m 

.-. Li = 1-25 Z. 

L, =. IS L 

/., = 10 L 






1 1 n 1 1 




Li "lOin 



® 



■L2-12fn 

© 



X 



g 



® (?) ® 



JVb =.{1 4)(1-35)--2-59 t/ni .". »'i« ^ H'« 
Design tlie lieniii for single loading eondilion. 



Moment Diai^ram 

W„l.\ 2S9xlO« 



Af.i 



8 



.. 32 375 ni.t 



16 2 




{CwtHmueii 



t^mi^m^m^m 
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DESIGN EXAMPLE 2 CONTINUOUS BEAM — Conid 



Mp2 (dftprmincd by scale)r=17-3 m.t 
Mp« (determined by scale) = 16-0 m.t 

Muhanism — See moment diagram below 

Zt - -^ == 34-965 X 39-68 = 1 387-41 om» 
ay 



Biactions (Ultimate load) 



nnmzumxn ] Mpj 



•^1 



3'8m- 



R^-^-"^ 



Mpi /?i 

i?,(30)-(lS) - l^'ll?) = Afpt 



9-47 t 

(jj lV„Lt) 
2 



Use ISLB 450 



lit =. 39 74 t Use ISLB 33S 
Z ^ 687-8 cm* 

«, :- 11-16 t 



Note— Total y? = 103-6 = To<al load applied OK 



Use ISLB 325 



Crott-Section Proportions (Rule 3) 



(6/«17; <550) 



Section 

ISLB 450 
ISI.B 325 
ISMB 300 



bjl 

17/1-34 =-12-69 
16S,'0'98 ^-16-«4 
140/1024=ll-3 



splices 



Provide shear 
splices at points 
indicated 



z. 



ISLB 350 



djw 

450/0-806 -52-3 
32-5/0-7 -46-4 
300/067 =44-8 

ISLB «507 rlSLB 300 



2-75m— I— 
-7-25 m-»- 



My Tl3 



-17 rn 



2-25 m-.^ 



■•— 5'75m» 



For Right End Span 

Vuax ■== V (in this case) at point o.' splice = 1-5 X 2-59 X (8 -2-25)- B, =1M7 t 
From Kule 3 Vc of ISMB 300=1 265 wd =25-4>ll-17 t 

In Middle Span 

Vc ol ISMB 450=1265 wd ==48-95 t 
Vm« =- K,4<= 23-31 t< 48-95 t 

The right end span need not be checked as the smaller section used in right end 
span is found adequate. 

Bracing Requirements (Rule 4) 

Top flange continuously supported by ccmcrcte slab as in Design Example 1. 
Provide welded vertical plates at sections 2 and 6 as in Design Example 1. 
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25.3 Design Example 3 — This design example is the same as Design 
Example 2 except that a uniform section is tised throughout, reinforced 
where necessary with cover plates on top and bottom flanges. The left 
hand span controls the selection of the uniform section, a section which 
turns out to be adequate for the right-hand span as well without being 
wasteful of material. 

To carry the moment at location 4, cover plates are required with 
a moment capacity of 25-51 m.t {M,—2Mp). Two plates 12-0x2'5 cm 
will be adequate. TJiey should extend somewhat beyond the point at 
which A/,== Mp. This distance is selected as about 0-2 m and the plates 
should, therefore, be 8 m long. 

Two local (beam) mechanisms result. The reactions were not com- 
puted in this example, the same procedures being used as in Design 
Example 2. 

The shear force begins to approach (but does not reach) a critical 
value in this problem. Had it exceeded 35-9 t, then local stiffening of 
the web would have been required in the region in which V > Vm*m- 

The position of the 8plice{s) is controlled in this problem by trans- 
.port requirements. A single splice (for shear) is shown at the point of 
inflection in span 3-4. The cover plates are to be fUlet-welded to the 
beam flanges. 

Comparing the weights of three designs (uniform section, design 
Examples 2 and 3), the following is obtained: 

Design Shapes Unit Weight Length Weight 

Uniform section ISLB 450 65-3 kg 30 m == 1 959 kg 

Dissimilar'Section ISLB 450 65-3 kg 17 m = 11131kg 

ISLB 325 431 kg 7-25 m =« 312-5 kg 
ISLB 325 431 kg 5-75 m = 247-8 kg 

1 673-4 kg 

Uniform section with ISMB 350, 52-4 kg 18 m = 1 572 kg 
cover plates 120 x 2-5 188-4 kg 



cm plate 



1 760-4 kg 



The lightest design is, therefore, the one in which dissimilar sections 
are used (Design Example 2). However, local fabrication conditions 
would dictate whether or not the extra splice in this design woiild be a 
more economical choice than the fillet welding of the cover plates of 
pesign Example 3. 
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DESIGN EXAMPLE 3 CONTINUOUS BEAM WITH 
COVER PLATES 

(Suae as Design Example 2 except for cover plates being used on a uniform section) 

Sinteture and Loading 

Same as in Design Example 2 



Momsnt Diagram 

Left span controls 
the design. 

Mp, »= 0-686 M, 
= 22-21 ro.t 

Z =881-46 cm' 




£ 



1-5 Wu 



i """"'""H"""""" ' 



® ® 



StUction of Section 

Use ISMB 350 
Z » 889-57 cm* 
Mp - 22-42 m.t 




Rtii^orvimg PlaUs 




A Af^-69-93-2(22-21)~2S-5t m.t 
Apt =. ^^ - 28-9 cm* 

Oya 

Um 130x25 mm plate 
AMpc - 26*46 m.t 



{Continutd) 
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DESIGN EXAMPLE 3 CONTINUOUS BEAM WITH 
COVER PLATES — Contd 

Mtekanism — 2 beam mechanisms 

Rtaetions — Compute by statics. See previous examples. 

Shear Force (Rule 2) Vuat -F,, =<2331 t* 

Vm« =(126S)(0-81)(350)=35-9 t>23-31 t 

Cross-Section (Rule 3) 6/< =» ~ -= 9-8, dlw = g^ -.43-140 cm . . . 



OK 
OK 



-120 mm 



■^^ 



■25mm 



-ISMB350 



es 



splices 



X 



ISMIM 



z: 



ooiMhmi Plate 



j h«*a — *.j [•— i^ |«_— Mm I 



Provide splice as indicated in the sketch above. 
*Sm Detlfn Eumple 8 K-l-S )VfLtl2, 



135 



SPi6(6)-1973 

26. DESIGN EXAMPLES ON INDUSTRIAL BUILDING 
FRAMES 

26.9 The designs of rigid steel building frames of the ' industrial ' type 
are illustrated in this clause. This includes single-storey structures 
only. Single-span and multiple-span frames are treated. The problems 
include fiat and gabled roofs, pinned and fixed bases, and the use of 
haunches is illustrated. 

26.1 Design Example 4 (Single Span. Flat Roof, Hinged Base)— 

A single span, flat roof, pin-based frame to withstand vertical and hori- 
zontal load is worked out in this example. 

All applicable ' rules ' will be checked. In the absence of wind, 
F ■■ 1'85. For the second loading condition a load factor of 1-40 is 
applied against all loads (live+dead+wind). Tlie uniform vertical Idad 
is replaced by concentrated loads at the quarter points (sketch d), since 
in the previous examples we have already seen how to analyze a problem 
in vduch the loading was actually assumed as distributed. The distri- 
buted horizontal load is replaced by a single load acting at the caves line. 

In arriving at the preliminary choice of member sizes, it is assumed 
that a uniform section will be used. The important load is the vertical 
load and thus maximum restraining moments at the ends are desirable (21). 

The analysis is carried out by the statical method (17), The redun- 
dant is selected as H,, the horizontal reaction at 6. The fixing line 
l-a-b-6 is drawn such that a mechanism forms as shown in sketch d. 
This is a case where, necessarily, the frame is overdeterminate at failure 
with hinges forming at locations 2, 5 and along 3-4. The required plastic 
moment is 29-97 m.t. 

Case II is now analyzed and it is found that tlie mechanism is the 
same as that for Case I, being shown in sketch /. The composite 
moment diagram is that shown by the shaded portion of sketch e. In 
that sketch, the solid line is the determinate moment, the dashed line 
the moment due to loading by the redundant H,. The required plastic 
moment for Case II is 39-69 m.t. This case, Jtherefore, controls the 
design. 

In selecting the section, a plastic modulus of 1 764 cm» would be 
required. ISLB 500 sujjplies a Z of 1 774 cm*. In view of the fact that 
the analysis was carried out on the basis of concentrated loads 
(sketch b) the lighter section would certainly be adequate. The dotted 
pandlwlic moment diagram reveals, in fact, the required Mp is reduced 
nom 39>69 m.t to about 38-0 m.t as determined by scale. 

After the reactions are computed, the next step is to check the 
secondary design considerations. In checldng the axial force (I^le 1) 
it is found that PIP, = 014; the full value of Mp is thus available. 
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In checking for lateral bracing, it will be assumed that the purlin 
spacing is 1-5 ra. Between bracing points the ratio L/r, is 44-5. Now, 
this value is greater than the value Lfr, = 30 given in Eq 51, but this 
value also assumes that some plastic rotation is required. In the rafter 
all that is required is that the section reach Mp since the last hiflge forms 
there. So the 1-5 m spacing is adeqxiate. 

Turning attention, now, to the columns, the girt spacing is also 
assumed as 1-5 m. Since the first hinge forms at location 5, the selected 
spacing may or may not be adequate depending on how much plastic 
rotation is required to develop the last hinge in the rafter, and how much 
the adjoining beam lengths restrain the ' critical ' segment. While one 
could calculate the required plastic rotation at point 5*. it is quicker to 
check the restraint coefficient according to Appendix C. This has been 
done in the problem; the restraint coefficient, C/, turns out to be 1-3, 
increasing the critical bracing slendemess ratio to 390. This is close 
enough to 39-5 for the selected 1*5 m spacing to be adequate. 

Bracing details are suggested in the example. 

None of the columns are loaded in single curvature and, since 
P/Py<0-lS the full plastic moments wiU be transmitted. 

The connection detail is sketched h, the thickness of diagonal stifEcner 
being determined from Rule lO. 

Although the deflection of such a structure would probably not be 
computed, an ' estimate ' by Rules 15 and 16 shows that the deflec- 
tion is less than 2-27 cm. This is undoubtedly satisfactory since the 
crude limitation, I,/360, gives 2-5 cm as the limit. 



*The rotation angle has been calculated and found to give a value of .. ^ <1'0 
indicating a small rotation angle requirement. 
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DESIGN EXAMPLE 4 SINGLE SPAN FRAME. PLAT ROOF 
WITH PIN BASES 



Structure and Loading 

Loading Conditions 

Case I- (DL+LL) F -- 1-85 

H'« =4x1 -25 =-7-40 t/m 

Case 7/— (DL+LL + Wind) -=1-40 

Wv -40 X 1-40"" 5-6 t/m-Ww 

Wh =0-95 X 1-40- 1-33 t/m=0-3 W, 



lllllllll 
a 3 



/•*t/ni 



J 



1 

u 



(•) 

•A A« 
(b) 

Replace uniform vertical load by concentrated loads at quarter point P 



2 



W 



M.-^--^. 



01 WuL 



Replace horizontal load with concentrated load with equal overturning moment 
3 WuL 
3 
Plastic Moment Patios — Uniform section throughout 

Case I ■ — Artalysis 
Moment Diagram {Redundant = //,) 
PL WuL* 7 -4 (9)« 
8 
M, ■= 59-94 m.t 

Afp =. yi ==29-97 m.t 

Mechanism — See sketch d 
Reactions 

H.-«, -^ - ^ 

fj - K, - P- 7-4X4S - 33-3 t 

{ConHmitd) 



5 t 
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DESIGN EXAMPLE 4 SINGLE SPAN FRAME, FLAT ROOF 
WITH PIN BASES - Cnntd 




NU IINC 
OCTERMNAtlON LINE 




Note — The values given above are to be tonipared with values for Case II 
and maximum figures used. 

Cos* II — • Analysis 

Moment Diagram (Redundant •>= //,) 

Afi (Det) = H'*=»'»i/10(2i/3)== -"^ 
-.S6x9»/15 = 30-24 m.t 
PL Wnl* 
8 
Eqvitibriwm at i~-Mt +} Afi = 2 Mp 

, „ 567+22-68 
' Mp = = 



M, = ^ 



56-7 m.t 



Selection of Section 

, „ 39-69x100 000 
Z ^Mpoy =. - -2»TS0 



= 1764 



Case II (with wind) Is-^rltlcal 

39-69 m.t 

Try ISLB 500 
Z - 1 773' 7 cm* 



Uechanism — Sketch / 
tteactions (ultimate load) 

«i-«.-H'-=6-6-504-.l-56 t 




M-MlTLl 



(•) 



(Continuid) 
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DESIGN EXAMPLE 4 SINGLE SPAN FRAME, FLAT ROOF 
WITH PIN BASES- CoM<<i 



Vi 



Hjh+Mp 156x 6+39-69 
LI4 " lis 

-21-8 t 
V, -ZP-Vx-47-44-S0-4-21-8-28-6 t 



1 i 




■N« 



Mo$>tent Check 

M. -Af#-J\f,- 39-69 -30 24 ^9-45 m.t 

Mt - K,(2-2S)-H,(6) = 24-66 m.t OK 

Axial Force (Rule 1) (Right-hand column critical) 



P 



33-300 



ayA 2 520x95-5 
Sktar Force (Rule 2) 



0-14<015 



Vuu - V«'=V',-33-3 t 

Vyu (ISLB 500) -=1-265 wd -58-2>33-3 OK 



Cross-Section Proportions (Rule 3) 

6,.-,iJ^-l-27../. = ^^°-54, 

Lmleral Bracing (Rule 4) 
spacing 

Lb 

ry 



. .OK 



■•tin 



1-5x100 ^ 
3-34 *^^ 



Rafter hinge OK. Last hinge forms in rafter 
M ilAMp 



Cotamn hinge ^^^ - ^^ 

(60-40^)-30<39 5 

Lr - 1-5 m 
Ll - IS m 



•0-75 



Mm -mi h 

lilt: 




(f) 



More refined check ia neceuary 
aa per Appendix C. 



(Continued) 
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DESIGN EXAMPLE 4 SINGLE SPAN FRAME, PLAT ROOF 
WITH PIN BASES — Contd 



Ln„ '^ critical length of elastic segment in column between the first and 
second girt down from the roof. 

V lit„ «= I.B>=3-6* m 

Ll„ =■ critical length of partially plastic segment in girder adjacent to 
section 5 

Ll„ =(60-40 J»f/Af^)ry= (60-40 J^) 3-34 

— 190 cm 
Evolution of restraint coefficient: 



^"tat-fe)-'(i^^ «)-'►' 



C/= 1-3 



\ryC') '^ 



Lb 



Cf ^ -{l-3)(30-0)-390<39S (Adequate) 
fy 

Bracing Details 

1) Provide welded vertical plates at the three central purlins. 

2) At sections 2 and 5 brace to inner (compression) cover from purlin. 

Co/mmhs (Rule 5) (Rule 7) (Right-hand column critical) 



Py 



=014<015 

.'. Full Mp is available 

. . , LIry, . 39-5 
weak ax«:l- 3-35. »1- 3-3^- 



-0-88>0125 



Connection Detail (Rule 10) 

I V;!/* Wd\ V"2/1S43 2 0-92x50\ 
•~ b\d ^y" \%\ 50 y^; 

Sm Sketch h 

Note — 0-7 cm thick.plate required to meet 
bji use 9-0 X 0-7 cm plates as 
Btiffeners. 

Spli e es : Provided as part of comer connection 
detail 

Note — Snap the comers (no weld). 




Mm CMNCRs 
NO wno 



** ( ISLB too) - 1^ - S5B corretpondiiic io thb ratio 4/1, U (/» - tO (tf») tli* panntnibk btndiac 
•UMt F» - 1 67B kf/on' (M< T(bl« 1), I - SOx M-KO em or 8« m. 

{Continnei) 
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DESIGN EXAMPLE 4 SINGLE SPAN FRAME, FLAT ROOF 
WITH PIN BASES- ConW 



Dtfleciion at Working Load (Rules IS, 16) 

Ultimate load P» = 25-2 t 

Moment diagram Sketch c 

Mechanism Sketch / 

Free body diagram Sketch i 

Slope deflection Eq: {6i,''$n) 

a ^"'a. W»^ Af,\ 8«, 1.14 f ,o.„,9-45\ 



$u = 0i 



■■■+S*+i?(-"+^') 



»;.« 0-028 ^y 

.*. 8o,> 8tt =1 4-2 cm 
, ^ «M 4-2 
'■^ < /■- = rsl = 2" cm 




(i) 

M, = 9-4S m.t 
M» = 39-69 m.t 
M, = 3969 m.t 
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26J Design Example 5 Single Span Frame with Flat Roof and Fixed 
Bate — In this design example a similar frame to that of Design 
Example 4 will be designed except that the bases will be fixed. The 
frame will have a span of 16 m, a column height of 5-3.1 m, a uniform 
distributed vertical load of 1-7 t/m and a side (wind) load of 0-7 t/m. 

Considerablo expense is involved in providing sufficient rigidity to 
resist the overturning moments at column bases, and this factor should 
be considered carefully to see that the additional expense is warranted. 
There is less advantage to fixed column bases if the side loads are small. 
At the opposite extreme is a structure designed to withstand blast load. 
In one instance the capacity of a structure to resist externally-applied 
side load was increased nine-fold simply by fixing tht column bases and 
without changing; member sizes whatsoever. Quite evidently there are 
areas where the additional construction expense would be warranted in 
view of the improved load-carrying capacity of the structure. Since 
plastic design makes maximum possible use of the material, it extends 
the applicabihty of fixed column bases. Tall buildings, and industrial 
frames carrying relatively large cranes wliich might otherwise be sensitive 
to lateral deflections would constitute two other cases where fixed bases 
would be considered. 

As in the previous example, the most economical design results from 
using a uniform member throughout. 

Of the various methods for handling distributed loads, one which 
has been discussed (see 19) but not yet illustrated is to assume the purlin 
spacing at tiie outset and to analyze the fnime on the basis of the purlin 
loads. This method will be used here; the purlin load is found to be 
6'29 t for Case I and 5-76 t for Case II. 

The mechanism method of analysis is used in this problem in view 
of the greater redundancy of the structure when compared with Design 
Example 4r For Case I with no side load, mechanism 1 will control and 
it is found that Mp = 50-32 m.t. Note that if the actual distributed load 
had been used, then Mp = WuL*ll6 = 50-32 m.t. This is the same value 
as for concentrated load, and is contrary to expectation. The reason 
is that the end purlin reacts directly on the columr. Although the frame 
is redundant at failure [/ = X— (M— 1)= 3— (3— 1)= 1] the moment 
check is easily made by remembering that the elastic carry-over factor 
is one-half for cases such as members 3-1 and 4-5. 

Analyzing Case II it is found that mechanism 1 still controls with 
a required Mp oi 46-08 m.t. In this part of the problem two approaches 
arc possible: (a) try the two most 'likely' mechanisms, namely, Mechanisms 
1 and 3; or (b), try Mechanism 1 and make a moment check. The former 
was done in this case, the moment check following for mechanism 1 
when it was discovered that Mechanism 1 controlled. 
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Case I is found to be critical with a required Mp of 50-32 m.t con- 
sequently an ISLB 550 shape is specified (Z = 2 228-2 cm»). 

The check (according to Eq 51) to determine the adequacy of the 
selected girt spacing again indicates that more refined calculation is 
needed. This is made according to Appendix C and it is found to be 
adequate. 

The work axis check for the column is not needed, the axial load ratio 
being a very low value. 

A deflection analysis was not made in tnis example. If desired, the 
procedure is as outlined in 23.9.1. Since Case I is the controlling condi- 
tion, the deflection would be calculated on the basis that 9|, = (last 
hinge forms at the centre of beam). 
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DESIGN EXAMPLE 5 SINGLE SPAN, FLAT ROOF, 
FIXED BASE 



Structure and Loading — Sketch a 

Loading Conditions (Purlins at 2 m spacing) 

Case I — {DL+LL) F== 1-85 

Wu = (1 700) (1-85) =.3 145 kg/m 

P, - 2 H'a = 6-29 t 



700 kg/ 




h.i-5'33m 



Case n — {DL+LL^^-WmA) F= 1-40 Wv =.{l'7)(l-40) ==2-38 t/m = W» 

P» = 2 Wu = S-96 t Wk »{0-7)(1-40) =0-98 t/m =0-412 Wu 



W 



Wkh* 

.0-412 H'«(2-67) 

= 11 H'« = 2-62 t 



Plastic Moment Ratio — Uniform section . 

throughout //w/^ 

Case I — Analysis (Mechanism method) 

Possibh plastic hinges ■=$ (sections 1, 2, 3, 4, 5) 
Possible mechanisms =2 (n«=A/— X = 5 — 3 = 2) 
Elementary: No. 1 and 2 
Compc^te: No. 3 



„ -F t f r {■ f i'c f 6 



/^^ 



(b) 




^J!5^ 



■'^^ 






MECH 1 



MECH2 



77^ 7!777 



MECH 3 
(c) 



(CoMMnttMO 
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DESIGN EXAMPLE S SINGLE SPAN. FLAT ROOF, 
FIXED BASE — Contd 



Solution for Mechanism 1 

M,{9+2e+e) - ^ (1+2+3+ 



Mp 



PL 
2 



8 
6 29x16 



i> 



IPLB 



50-32 m.t 



2516 m.t 



Moment Check — Sketch d 
^ Mp 50-32 

2 2 

•way equilibrium 

Mf Mi'^ 2S-16<Af^ . . OK 

Rtactions at Ultimate Load 
K, - K, = 4JP -2516 t 

Mt+Mi 75-48 



Hi '^ Hi 




5-33 



= 1416 t 



C»$* II — Analysis 

Hingts and Mechanism {See Case I) 
Solutions for Mechanism 1 — Sketch c 



pr 
Up'.-j ^ 5-76x8 



4608 t 




Solution for Mechanism 3 — Sketch e 

J*^^(l + | +1 +1) = W«A+^ [1+2+3+I (1+2+3+4)] 

5-2 Mp - 2-62(5-33) + 1 (5-76)16 

Mp -29-27 m.t 

MoTB — Moment at the centre of beam < 50-32 m.t. 



(Co«Mimm4) 
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DESIGN EXAMPLE 5 SINGLE SPAN, FLAT ROOF, 
FIXED BASE Cantd 

Moment Check joy Mechnni^m 1 

Assume M^ -. Mp ami uat- trial nnd error motliod. 
.• Mi-Mt + Wh =.0 

Mi^M^-Wh --A.V -(2-62)fS-33)-4608-13-96' 

= 3212<4608 nT7t="A//, OK 

SeUclicv of Section — Case I (without windl is critical 

Use ISLB 550 
A = 109-97 im« b --=9-90 mm 
rf -^550 mm; w —l^O mm 
/> ==190 mm; S =1 933-2 cm> 
ry =3-48; / -.= 53 161-6 cm« 
Axial Force (RuU^ 1) 

P - ^^ - o-.-jnVi^- 0-7 == "O'l <015 OK 

?> ''>■'' 2 .>20 / 109-97 

Shear Porcr (Rule 2) 

Vm,. - 1^3,-= Kj^, 25- 16 

Allo-wablc P' =-1-265 wd «68-9>2S-16 . . .OK 
Cross-Section (Ruh: 3! 

hft .= 12-67<17 

diw =55-56 Slightly >S5 OK 

Lateral Braring (R\ile A) — Spacing Check 

Rafter (purlin spacing «= 2 m) 

In 2 y 100 

=^ = -rra- = 57-47>35 OK as last hinge -n the rafter 

ry 3-48 ^ 

Co/wtn» (girt spacing =1-5 rn from top) 

Lb 1-5x100 ,, , 
_. = _„.^.^__ == 43-1 

Af ^i'-^^^ » + ^^') r 5/50-32 + 25-16X1 ^„ 

From Eq 51, (^) == 60-40 ^ =- 38-8<43-l 
^ \ »'y /C Afp 

.". A more refined check is necessary 
Kvaluation of reutrsint cocfiicient 



Cf^ 1-2 

.-. (^)^Cf^ = l-2+38-8x46-56>431 OK 

\ry / ry 

Bracing Details 

1) Provide vertical -welded plates at centre as in Design Example 1. 

2) At Section 2 and 4 brace to inner (compression) comers. 

j •> ^ - M-S, I - tOxlS - S-8 m. 

{Cvntimmd) 
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DESIGN EXAMPLE 5 SINGLE SPAN, FLAT ROOF, 
FIXED BASE — Conld 

Cotumnt (Rule 5) (Rule 7) 

p- -= 0092<0IS 

.'. Full Mf is available 

Connection Detail (Rule 10) 

VVs Wd\ -v/^? 19332 99x55\ „, 

Use 8x9'6 cm plates as sp Icea 

Splicts 

Se* detail h in Design Example 4. Provide as part of corner conncctioi 
(Beam ia continuous across column top). 

Frams Layout 



////mw. 



Ti T 



-ISLBiSO 



T 



TTTPXn 
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263 Dealgn Example 6 (Single-span Portal Frame with Gabled 
Roof) — In this design example a single-span portal frame with gabled 
roof will be designed to resist vertical and side load. The frame has a 
span of 30 m, the column height is 6 m and the rafter rise is 4-5 m. Greatest 
economy of steel will be realized if haunches are used at the comers. 

The vertical distributed load is replaced by concentrated loads appUe<J 
at the purlins (l-S m spacing). The horizontal distributed load is replaced 
by a single concentrated load, acting at the eaves, which produces the 
same moment about point 1. In other words, it is a concentrated load 
which produces an over-turning moment equal to that of the uniformly 
distributed load. 

Since the frame is oijly redundant to the first degree, the equilibrium 
method of analysis is used. It may thus be determined that the hinge 
forms under the second rafter from the crown. The problem is to find 
the required plastic moment^ of the girder and then to proportion the 
column for the required moment at location 2. The required M^-value 
is determined by equating the moments at these locations. The required 
p'.dStic moment for this case is 59-9 m.t. 

Instead of using the statical method of analysis, the mechanism of 
sketch c could have been used as the basis for satisfying the equilibrium 
condition. The position of the instantaneous centre is first located {see 
sketch a below), the coordinate being 9-6 m vertically and 4-17 m hori- 
zontally from column base number 1. The mechanism angle at hinge 3 
is, therefore, (2-7/6-9+ 1)9 -1-39 0. The angle at section 4 is equ^ to 
$. The vertual work equation may next be written. The external work 
for one-half of the frame is: 

We = Pfl{0-33-fl-83+3-33+4-83-4-6-33-f7-83-f7-83-f 7-83/2) 
-P(2-70/6-9)(l-S+3-0) 

We = 34-46 PO 

The internal work is: 

Wi = M/(l-39-fl)== 2-39Mf$ 

thus 

Mp = 34-46 P/2-39 = ^±^^2^^ « 59-0 m.t 

which is, of coiirse, identical vnth the answer obtained before by the 
statical method. 

Analyzing for Case 11, the redimdant is selected as H^ (sketch i). 
The moment diagram for the determinate structure is shown by the aolid 
line in sketch c. Rather than vatk Case II as a new problem, it will 
only be determined whether or not the member selected for Cue I is 
adequate tor the Case II loading. Therefore, the oompotite monMat 
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diagram is drawn such that the girder moment is 59-9 m.t, the value 
obtained for Case I. The mechanism is shown in sketch / with hinges 
forming at Sections 4 and 8. The problem is to iind the moment at 8 
and observe whether or not it is greater than the 101 -1 m.t found for 
Case I. From equilibrium at Section 4, H^ is determined (6-95 P) ; hence 
by equilibrium at Section 8 it is found that the required A/;,— 88-7 m.t. 
Since this is less than the value of lOl-l m.t, the Case I appears to 
control. 

The moment check should still be made, and while satisfactory, the 
moment at Section 7 is very close to the maximum available Mp(S^-22 
as compared with 59-9). The design of details should therefore be 
carried out on the basis that a plastic hinge could form at Sections 4, 7, 
and 8 (and by symmetry Sections 2, 3, and 6). 

Case I is thus found to be the critical case; the reactions for this 
case arealso the greatest. 

In checking for axial force, it is found that the PjPy ratios are 
greater than in the previoas problems. As a matter of fact, the axial 
force ratio is higher in the girder than in the column because the member 
is lighter and due to the sloping roof, both the horizontal and vertical 
reactions at the column base produce a thrust component in the 
rafter. 

With a purlin spacing of 1-5 m the Lajry turns out to be 39-5. In 
the centre hinge positions (locations 4 and 6) this slenderness ratio is 
satisfactory even though the moment diagram is ' flat ' because the 
corresponding plastic hinges will be the last to form. With regard to 
the hinges that form in the rafter and adjacent to the haunch, a consi- 
deration of the moment ratio (MjMf, = 0-406) shows that the resulting 
allowable slenderness ratio is 47-8 which is greater than the value of 39-5 
supplied. No further check is therefore necessary. Concerning the 
column, the membier was proportioned simply to provide strength and 
not to participate in mechanism action. A single brace between the 
end of the haunch and the column base would, therefore, be 
adequate. 

With regard to the bracing details, support is required on the inner 
(compression) side at all points on the haunch where the flange force changes 
in direction. It is considered desirable to provide similar bracing at the 
peak. Concerning the bracing at plastic hinges that form near the peak, 
it was pointed out above that the two loading conditions required very 
nearly the same plastic modulus. In the one case the plastic hinge forms 
at the second purlin (3 m) from the crown and in the other at the third 
purlin (4-5 m). Therefore it is desirable to brace at all four locations. 

In calling for a 1-0 cm plate at the peak (sketch j), it is assumed 
th^t the web will carry no thrust, and a plastic analysis is carried out to 
proportion the vertical plate stifiener. 
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The ' design ' of the haunch details is controlled in part by the 
initial choice of dimensions. At the outset it was decided that the 
haunch would extend 3 m into the girder span and 20 m down the column 
as shown in sketch b. The remaining geometry is open to choice, to 
a degree at least. For a geometry similar to that selected in this example^ 
it has been shown that the angle shown in sketch j should be greater 
than 11°". An angle of about 13° gives a depth d^ of 118 cm providing 
a reasonable appearance, and is therefore selected. As required by 
Rule 11, the flange thickness is made 2-5 cm which is 50 percent greater 
than that of the ISLB 600. The width of this flange is made uniform 
at 21-0 cm along the girder portion of the haunch and then is gradually 
tapered to meet the 25-0 cm width of the ISWB 600 flange. The web 
is selected at 1 -2 cm which is about the same as that of the rolled members 
joined. v 

If, for some other problem the geometry were much different from 
that shown in sketch k, a further check on adequate strength of the 
haunch could be made either by the elastic method of Ref 28 or by aii 
approximate plastic analysis. In the latter case, we would check to see 
that the plastic modulus supplied at the critical section exceeds the 
required value by the same margin as that which exists at Section 7. 
This calculation may be carried out using as a value for Z the expression 
given in Eq 69: 

Z = bt(d-t)-\-^(d-2t)* (69) 

Such a calculation for this particular problem also shows the design to 
be adequate. 

As far as the remaining details of the haunch are concerned, the end 
plates need only be of reasonable thickness, and on the basis of the cal- 
culations made for the peak, are selected as 1-0 cm. The diagonal stiflener 
thickness should be equal to that of the rolled section flange. A 1-6 cm 
plate is therefore selected. 

This completes the design of the frame which is shown in sketch /. 
With regard to spli(;es, the coliunns and haunches could be shop-assembled 
Mrith a field splice at Section 7. Alternatively, a splice for full moment 
using high-strength bolts could be made at Section 7 or bolted splices for 
less than fuU moment strength could be supplied at a section near the 
point of inflection (haunch in sketch I). 

It is of interest to compare the results of this design with the elastic 
solution and with the plastic solution for the case where no haundi has 
been used. Not only is there considerable savings in each case of the 
plastic over the elastic design, but it may be shown that possible \vieight 
savings may be achieved in plastic design as well as elastic design when- 
ever a haunch is specified. Of course, the haunch fabrication expense 
should be borne in mind when making comparison of overall costs. 
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DESIGN EXAMPLE 6 SINGLE SPAN GABLED FRAME 

Struetur* and Loading — Sketch 6 



Loading Conditions 

Purlin spacing assumed =i 1-6 tn 

Cast I~(DL+LL) i^ -1-85 
W, ita(l-5)(l-85)=2-775 t/m 
P, -1-5 H'»=416 t ' 



:*h' 







WyattOOkg/m 




Cau II—(DL + LL+Wind) F =:l-40 

P» -1-5 W«-l-5x2'l = 3-15 t Wv = (1-5) (1-40) = 2-10 t/m = W, 

Wh =-(0-9)(l-40) = 126 t/in=.0-6 Wu 



0- 



H'f)' 



1-26 (10-5)' 



- 11-58 =.3-67 P 



PUuHe Moments Ratios 

Adjnat Mp to suit the Moment Diagram — See below : 

Com I — Analysis (Statical Method) 



Momtnt Diagram 
' (Redundfant -> H,) 

Mt - ?^' - 2-77S(30)' \ 



312 m.t 



• SfuUibrium — H,(8) — M, (Determinate) = M4 (Detemrinate) — W,(9-6) — Mp 
Af, - (l^P)(30)-p(l-5+ 2) - 27P 

Af* (10J')(120)-p(lS+3+4-5+6+7S+9+10-5+^^) - 72P 
i>f«+Af. \ 99P .„ 

M# -72P-6P (96)-14-4P-S9-9 m.t 
Cofauan: J>f^ (Col)-(Hj)(405)-6P(40S) 24-3P-.1011 fflt 

(ConMimmO 
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DB8ION EXAMPLE 6 SINGLE SPAN GABLED FRAME — CotKd 

Mechanism — Sketch c 

Momtnt Chech — All M<Mp ^ ^ 

Reactions 

Hi-=H,= 6P= 24-96 t 
K, -K, = 10P=41-6 t 




(c) 



Case II — Analysis : 

Moment Diagram — (Redundant »>H|) 

M, =^75 Pu ^°~* 

M corner (dot) = 0(6) -- 2202 P ''■^~ 



Mechanism — Sketch / 

Equilibrium at Section 4 

■*'t+W,(915)-= Determinate Moment 
at 4 

Determinate Moment ftt 4 =(0-6S) 
(22-04) + Af a 







N4UICM 



M, »(10P)(10S)-p(l-5-f3+4-S-f6 0+7-S-f90-fi?^) 






M, -68-25 P 



59-9 



M^ should b<s ndjusted as M^'^Mp - |^ -1901 P 



H.(9-lS)-(6-5){2202 P) + 68-25 

ff. - §^ = 6-95 P 

Equilibrium Si Section 8 
Af, = H,(4-05) 
M, - 88-7 m.t<1011 (Case I) 


P-19 01 P 




..-1' 

(0 




Moment Chech — Diagram 


plotted — 


sketch e 








M,- 


H,(6-9) - Jt/,(Determinate) 


-6-95P(6-9)- 


-f,0 


P(3)-p( IS +3^0)1. 


2202 P 
'" — TS — 


M,- 


18-8 fi -59-22 m.t<S9-9 


m.t 




10 


ReacHons 














Hi- 


6-95 f -.21-9 t 
Ht-Q -21-9 t - 
10-32 t 


-3-67 P 




















(Continmati 
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DESIGN EXAMPLE 6 SINGLE SPAN GABLED FRAME — Cofttd 



y^ 



18P(15)+2 (30) -0(6) 
30 



8-77 P 



Vy, = 27-62 t 

Vt - 20 P-Vi=18-9=35-38 t 

Note — Case I reactions control the design. 



Case I (without wind) is critical 

Selection of Section 

Girder: Z =^ ^ ^ (S9-9) (^50000>| _^ ^^^ ^^. 



^r^r- 



(h) 



Mj, 
ay 



lOOOOO X 
2 520 / 

Use ISLB 600 

A '^ 12669 cm' 

d »= 600 mm 

b >3 210 mm 
< -= 15-5 mm 
w ™ 10-5 mm 



3-79 cm 
2 798-6 cm* 
S = 2 428-9 cm' 
/ -= 72 867-6 cm* 



'i 



Coluttm: Z - (1011) (3^^) " * 020 cm» 



Use I8WB 600 

A — 184-86 1 cm« 
d — 600 mm 
b = 250 mm 
/ = 23-6 mm 
ry <= 5-35 cm 



w «»= 11'8 mm 

Z =. 4 341-6 cm» 
S - 3 854-2 cm» 
7=115 626-6 cm« 



Axial Force 
Column : 

Girder : 

e «= tan 



P 

P_ _ 

Py ~ 

IS 

0-288 
0-960 



OyA 



41-6x1000 41600 



2 520 A 465-85 
H, cos »+(K,-2-5 P) sin 



= 0-089 3<0 IS OK 



2 520(126-69) 



16°40 



sin B ' 
cos d 

P_ (24-96) (0-96) -f (41 -6 - 2-S X 4-1 6 ) 
Py " 2-520x126-69 

Shear Force 

Vm»x •^ Shear at end of girder 



0288 
0103 



<0-15 OK 



:? =41-6-1^ -39-52 t 



Permissible shear ^=79-7 t> 39-52 t OK 



[Continued] 
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DESIGN EXAMPLE 6 SINGLE SPAN GABLED FRAME — Contd 



Cross-Section Proporlions 

Girder 
bit = 1355 
djiv = S714 



Column 

1059 <17 OK 

50-85 <55 OK 



Lateral Bracing — Spacing Check 

G«r(i«r — (purlin spacing =■ 1-5 m) 

Lb ^ 1- 5x100 
ry 3-79 



39-5>35 



' centre ' position OK as hinges fonn there last. 
Check moment ratio correction on hinges at haunches 
Af,=Af^=599 m.t 

Ma ' H.(7-3S) + V,(4-S)-p(l-5 + 3+ ^'^) 



Ma 



-24-34 m.t 



.^ = 59-9= +0-406 
Mp 



M 



m 



Cr •= 60-30 -f;^ = 60-30x0 406 

-47-82 



>39-S 



...OK 



Provide brace midway, between end of 
haunch (Section 8) and column base. 




7-35 m 



Lb 200x100 



5-35 



37-4 



(0 

OK because large hinge rotation not required 
at Location 2. 



Bracing Details 

Haunckts — Provide bracingto inner (compression) flange at each end and at centre. 

Peak — Provide bracing to inner flange. 

Not* — ■ These purlins should be adequately braced in order to provide 
support to rafters. 
Columns 

P_ 

LIr - 37-4 < 60 OK (Rule 7) 

{Continued) 



0-098<0-1S OK 
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DESIGN EXAMPLE 6 SINGLE SPAN GABLED PRAME — Coitfi 



Conn0c*ioH Details 

Peak — Proportion stiffener to transmit flange tbnist. 

oyAt «= 2oy Af sin $ 
bt, » 2bt sin 6 
U «> 2t sin 9 

- (2)(l-55)(0-288) 

s> 0-89 cm 
Uae 10 nun plate 

Haunch (Rule 11) — 

Geonutry — Sketch A 
Select p Kl3° (>11°) 

Flange 

t] -1-50 t 

// «.{l-50)(l'55) = 2-33 cm 
Use 36 mm plate 




(i) 




w 



{Co«M««m4] 
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DESIGN EXAMPLE 6 SINGLE SPAN GABLED FRAME — Contrf 

End Plates 
Only plates of 'nominal' thickness are required, as at peak. 

Vae 10 mm plate 
U^ 16 mm plate 
Use 12 nun plate 



Diagonal Stiffener 
/4-t-l-55 cm 
web 



Splices 

Provide as part of the haunch and peak detail. 

Frame Layout — as shown below : 




(1) 
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36.4 Design Example 7 (Two-Span Industrial Flat Roof, Prams) — 

In this design example an industrial fiame will be designed to carry 
a vertical load of 1 800 kg/m and a horizontal side load of 900 kg/ni. The 
mechanism method will be used to analyze the various loading condi- 
tions. Distributed load will be treated as such, although the loads will 
actually come to the structure through purlins. Opportunity will be 
afforded in this -two-span frame to illustrate the ' preliminary design ' 
procedures for estimating plastic moment ratios. As shown in sketch a 
the column height is S m, the left span is 10 m, and the right span is 
30 m. 

For the time being the- value Mp is assigned to the left rafter, the 
value k,Mp to the right rafter and k^Mp for the interior column. The 
dotted lines shown in sketch a are simply an aid towards keeping the 
signs straight — positive moment produces tension on the side of the 
beam next to the dotted hnes. 

There are two possible loading conditions. For Case I with dead 
load and live load, the load factor of safety is 1-85. The distributed load 
becomes 3-33 t/m. For Case II (dead load pltts live load plus wind) the load, 
factor of safety is 1-40 and the vertical load is 2-52 t/m, the horizontal 
load being half this value. 

In order to determine the plastic moment ratio for the rafters, the 
beams are considered as fixed ended as shown in sketch b. The value 
*i is thus determined as 4-0. For this special condition, the minimum 
possible plastic moment values would be determined, the joints being 
fixed against rotation but the frame theoretically free to sway. The 
resulting ratio is therefore the basis for later analysis of the frame. For 
greatest economy the end columns should provide full restraint to the 
beams, and therefore the plastic moment values are made equal to the 
appropriate beam values. The value k^ for the interior column may be 
determined by considering equilibrium of joint 6-7-8 (sketch c). A 
value of A, equal to 3 is obtained. 

The structure is now analyzed for Case I loading. Actually the 
analysis was completed in the previous step biU we will go through the 
various operations. There are 7 possible plastic hinges. The frame is 
redundant to the third degree (X = 3). Therefore, there are four p(»sible 
independent mechanisms and these are shown in sketches b, c and d. 

The solution for Mechanism 1 is made on the basis that Mechanisms 
1 and 2 form simultaneously. Consequently Mp is determined as 20*8 
m.t and k^Mp is 83-2 m.t. 

The moment check as shown in sketch e reveals that the moment 
is nowhere greater than Mp and thus the solution is correct for this loading 
condition. The computation of reactions at \iltimate load completes 
the fast ansdysis. 
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The analysis for Case II is then performed to see whether or not the 
plastic moment values determined will be adequate. The same plastic 
moment ratios, k-^ and A, will be used. 

The solution for Mechanism 1 may be determined from Csise I and 
is found to be 15-74 m.t. The solution for Mechanism 4 (sketch c) 
shows that Mp is so much less than the value determined for Mechanism 1 
that no further consideration of this mechanism is necessary. 

The solution for Mechanism 5, which is a combination of Mechanisms 
1, 2, 3 and 4, shows a required Mp value of 16-5 m.t. Although it is less 
than the value of 20-8 m.t for Case I, it is close enougli so that the mo- 
ment check should be made. Incidentally, the solution for this mecha- 
nism assumed that hinges formed in mid span. Thus, x^ in sketch d 
was made equal to L,/2 and x^ — L. The moment check gives a possible 
equilibrium configuration as shown in sketch / (page 165). The plastic 
moment condition will be violated near Sections 5 and 9. Even so, if the 
analysis were completed on the basis of a precise determination of the 
values x^ and x^, the required Af^-value would be less tlian the value 
determined for Case I. Therefore, no precise consideration of distributed 
load is necessary. 

In further explanation of this moment check, we shall expect in the 
first place that the plastic moment condition will be violated in each of 
the rafters because of our initial assumption that plastic hinges formed 
at mid-span (locations 5 and 9). This is only the correct position when 
the end moments are equal. The moment check is romplcted by using 
the equilibrium equations, and these are shown in sketch /. Using the 
equation for beam 4-6 it is found that M^ equals 13-5 m.t which is 
less than Mp, and similarly for span 8-10. Using the joint equilibrium 
equation for 6-7-8, it is found that the moment in the column top is also 
less than k^p. 

Sufficient information is thus available for drawing the pioment 
diagram, and it is plotted to scale in sketch /. As expected, the 
moment is greater than the plastic moment value near the centre of the 
two rafters. To the left of Section 5, Af = 16-63 m.t as compared wth 
Mp = 16-5 m.t. To the left of Section 9, Af = 66-4 m.t as compared 
with ^Mp =B 66-0 m.t. We may, therefore, conclude that Mechanism 
5 is the correct one, Mp being slightly larger than 16-5 m.t. Case I 
{Mp = 20-8 m.t) therefore controls the design. 

If it had been desirable to analyze Mechanism 5 and determine the 
precise location of plastic hinges this could either be done graphically, 
by trial and error, or by maximizing the required Afp-value expressed 
in terms of the distances x-^ and *,. The following equation in terms of 
Xx and «, would be differentiated partially in respect to x^ and with respect 
to «„ would be set equal to 0, and the resulting two equations solved 
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simultaneously for the x^ and x, value: 

=^wJ-^ex^+w,^ex,+WH~h$ ...(10) 

Since Case I (without wind) is the critical condition, the selection of 
required section will be made on the basis of the M* values thus deter- 
mined. In selecting the section for the right-hand beam and column 
a plastic modulus of 3 31 1-2 cm* is required. The ISMB 600, supplies 
a plastic modulus of 3 510-6 cm*. Even if the moment capacity of the 
beam section is somewhat less than the required value, it is considered 
adequate, particularly since the centre column provides a restraining mo- 
ment that is considerably greater than the required value of 2 183-4 cm'. 

In checking Rule 1 for axial force in the members, it is found that 
tl^e centre column has a PfPy value of 0-156 which is greater than O'lS. 
Using the recommended formula (Eq 47) it is found that the original 
chcrice was satisfactory since the Z-value actually furnished is greater 
than the modification factor requires. No check of the right-hand column 
is necessary since the centre column is satisfactory, and the beams are 
adequate because the horizontal thrusts are less than the vertical ones. 

All members are satisfactory as far as shear force is concerned. 

In evaluating the cross-section proportions it is found that the sec- 
tions have bjt ratio of less than 17 and therefore satisfactory. The ISLB 
600 is found to have inadequate djw ratio. The section is therefore revised 
to ISMB 550 which is checked and found satisfactory. 

Concerning the problem of lateral bracing, the purlin spacing is 
selected as 2 m and the girt spacing as 1-67 m. The left rafter will be 
the most critical since it has the smallest fy- value. A slenderness ratio 
of 63*1 will be adequate since the plastic hinge in the centre of the rafter 
will be the last to form. A preliminary check of the left-hand column 
ISLB 350 shows that 'a more refined examination is required. A consi- 
deration of the restraint coefficient improved ths situation somewhat 
(compare the required slenderness ratio of 42-4 with the value of 52'7 
that exists in the structure). The designer could either place an additional 
brace part way down the column or could check the hinge rotation at 
Section 4 to see if it was as severe as assumed in the theory. 

In proportioning the diagonal stiffener for Connection 4 (ISLB 350), 
the member is so light that the initial choice will be based on a diagonal 
with thickness equal to that of the rolled section flange. In checking 
for local buckling of this element (Rule 3) even slightly lesser thickness 
is required. Therefore, a 12-mm plate is specified. 
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A similar situation arises for connection 10, except that the local 
buckling provision becomes more critical. In this case, instead of start- 
ing out with the flange thickness, the equation for /, was used, resulting 
in a required value of 1-0 cm. The buckling provision requires a thick- 
ness of 1'23 cm and therefore a 1-4-mm plate is specified. Use of the flange 
thickness 2-08 cm would have been adequate, and the problem suggests 
that this rule-of-thumb guide is probably the best one to use in design 
where light members are involved. 

With regard to interior connection 6-7-8, since the full moment 
capacity of the ISMB 600 member need not be transmitted into the 
vertical column, the existing web thickness may be adequate. Equation 
56 may be employed as a ch«ck, using for 5 and d the values for member 
2-7 (ISMB 550), the required thickness to be compared with that furnished 
by the ISMB 600 shape. This amounts to making sure that the joint 
will transmit the moment in the column top. The web is inadequate 
on this basis. Because of the position of the ISLB 350 with respect to 
the ISMB 600 {see Sketch h), the upper portion of the knee web may 
be adequate and the lower part inadequate. By considering equilibrium 
of forces on the top flange it may be shown that a web thickness of 
I'O cm would be adequate for the upper part. Good use of a diagonal 
stiffener (/,= 15 mm) in the lower part may be made as shown and this is 
all that is necessary. 

This completes the design. 
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DESIGN EXAMPLE 7 TWO-SPAN FRAME 

StTHclure and Loading 

•»800ltg/m 



^ 



E 

"or 



9 


6 


• 


l' 


1 


P 


T 


~7 
k,Mp 


klXp 


■ 1 


> 1 


*i 


2 




3li 



-LlOm. 



-Ls20m- 



7 



(*) 

Loading Cm^dilion^ 

Troat proMem with dittributod load: . . .« ., 

Ca.e I -IDL>-LL); F =l-85 «;« -(l-8)(l-85)-3-33 t/m 

Com- II (Dl ; TX+Wind); F =1-40 ifi, =(l-8)(t-40)-2-S2 t/m , 

ie>k .»(09)(l-40) = l-26 t/m 

Plasiic Atoment lialios* 

WuLl 
Consider lieams im fixed-endert (sketch b), Mp •- — r-i — 



'Wult 



Mp (4-6) --- ^' - Mp 



Mp(S-lO) 



w„(2L)* 

' ' 16 



k^Mp 



L* 



„ 4 




End rolumns provide (\ill r«sslraint to beams 
Mp[\-A)-'Mp, Af^(3-10) = /^J»/^=4 Mp 

"SitH con ,t>tvm — fM prc«lur.»» fiwlon on sUto with dotud Mn* 
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DESIGN EXAMPLE » TWO- SPAN FRAME — Conirf 



Interior column to provide joint equilibrium sketch e 

M,-M,-Af,-.-Afp-(-*,M^)-M^*,-l)=.3M<. 

(*,-3) 



© 



Hrf 



C«M i— Analysis (Mechanism Method) 

Possible Plastic Hinges —- N ^1 (Sections 4, 5, 6, 7, 8, 9 and 10) 
Possible Independent Mechanisms — n <- JV— X»4 

Mechanisms 1 and 2 Beam 

Mechanism 3 Joint 

Mechanism 4 Panel 

Mechanism 5 Composite 




7 



© 



r 



• ^♦i^,> 



n-K2 




frfd 



SohUion for Mechanism 1 

Mp{B+2$+e)-w^-^ 

Mp^^a^^ 133^' ^ 2p.g ^ ^ (Member 4-6) 

lo Id 

hiMp » (4)(20-8)-83-2 ro.t (Member 8-10) 



{Con Mm m i ) 
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DBSIGN EXAMPLE 7 TWO-SPAN FRAME — Cotild 

Momtni C*«e* — Sketch e 

Joint »q%ilibHutH at 6-7-8 — A,Af^— 62-4 m.t (Member 2-7) 



All M<Mp OK 

{Mp)i- Mp " 20-8 m.t 




(•) 



R»acHoHi tit VlHmate Load 
H,-^-, 2^8-4.16 1 



//.-— ^j ^-.16-7 t 

Cm* II — AnalysU 

Hingis and mtchanisms — See Caso I 



Vj « «% i/2 


«. 


— 


2 


^^ " 16-65 t 


K.„?:?-i- + 


wu 


(2L) 
2 


- IS WuL 










- IS X 3-33x10 










- 49-95 t 










=. 33-30 t 



252 



StUntion for Mechanism 1 — Mp — (20-8) rp^^ ««15-74 m.t 
Solution for Mechanism 4 — (Sketch <i) 



M/^-KA,Mp)e-|-(*iM#)a-w»tf *. 5 



0-5 ivm 



Jlf/i(l+3-f4) 



Mp'm\97 m.t<Mp Cue I 



(¥)^ 



(100) 



{Continutd) 



164 



SP: 6(6) - 1972 



DESIGN EXAMPLE 7 TWO-SPAN VVLAME — Contd 

SoliUiOH for Mechanism S —■ (1+2 + 3+4): Sketch d 

NoTB — Assume hingca form at mid span (.v,= /,/2, *,— i, fl,— &i-=fft—flu""2^ 
iV/^[2+2 + (2x4) + {2x4)] = «/. ( 'j <>)(i)(5)+ J^« (tfi)(2£)(l/2)+ !^(«2) 

20Mp-wuU{\l4 + i + 1/16) -. j| (2-52)(10)»,.V/p=16S m,t (Upper Bound Solution) 

;. Check Moment 
Moment Chech 

B^am(4-6) -m. - ^' + ^f* + ^ 



U>ul'\ 



WulJ* 



Mt m. IMt-Mt- ~^ -^ 2Mp + Mp - --^- 

-3(165) -?-5?-il591^_l35 m.t<16-5 OK 



Btam (8-10) — Af,-2M,-Af„- 
M, - 12(16'S) 



4 

4 " 
2-52 (400) 



- -54<66 ni.t OK 



Joint (6-7-8)— J»f,-M,-Jtf,-i-16'5H- 54-375 m.X<ZMp 

= 1125 m.t OK 

Case I (without wind) is crltcal 




66*4 

(0 

SeUctioH of Sections — Controlling mumont diagram — Sketch e, A/^^20-8 m.t 
S Samn} ^«-. - ^* - 20-8 x 39.8-827-8 cm. 

Use ISLB 380, Z -83M cm 

A - 6301 cm' w - 074 

d -350 s - 751 9 

6 - 6-5 mm / - 13 158 

t - 119 ry- 13-17 

(Contifmtt) 
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DESIGN EXAMPLE 7 TWO-SPAN FRAME — Contd 



gfSS»K»-4^«. 3 311-2 cm. 



Use ISMB 600 Z -3S10-6 cm* 

A 'm 1S6-21 w " 12 mm 

d >« 600 mm s => 3 060-4 cm' 

6 - 210 mm / =fc 91 81 30 cm* 

' » 20-8 mm ry ~ 4-12 cm 

Centra column Z,.,— 32t.,— 2 483-4 cm* 

UM ISLB 600 Z .3 798-6 cm* 

A s-> 126-7 cm* w = 10-5 mm 

<l -> 600 cm .s ^ 2 428-9 cm' 

6 . 10 mm / == 72 867-6 cm* 

/ »■ 210-5 mm r, ^ 3-79 cm 
AMtal Force (Rule 1) 

Left column ^, - ^ - 2-12^0^ = »-^05<lS OK 

Interior column^ - ^^ - (126^7)05 20) ' 01 56 >0 15 

(Modification Requited) 

ZtLfi - ZTttalf p- +0-85 j 

=. 2 483-4(0156+0-85) 2 498 cm*<2 798 cm* OK 

ShMW Forct (Rule 2) 

Left beam Vmu — Vi» 16-65 
(ISLB 350) 

FiOlow. -1 265 «mI -32-8> 16-65 t OK 

Right beam Vm^V, -33-7 t 
(ISliB 600) 

K»Uow-.1265 ii>rf-9M>33-7 OK 

Crou-Stclion Ptoportiom (Rate 3) 

Shape 6/*(<17) </»(<55) 

ISLB 350 145 47-30 OK 

ISLB 600 13-55 57-00 Nut good 

ISMB 600 10-1 SOKW OK 

dl» for ISLB 600 is not adequate 
.-. use ISMB 550 

A » 132-11 cm* 
4 «i 550 mm 
fc ■. 190 mm 
t -• 19-3 mm 
w — 11-2 mm 

s - 2 359-«cm» 
7-64 893-« em* 

(CottMiNMi 
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DESIGN EXAMPLE 7 TWO- SPAN FRAME — ConM 

f-t — 3-73 cm 

^ -J^- ♦»-»5x^00O nun 
' Pt 9AAi.^ 2 520x13211 '" 

-015 OK 

A// - 9-8 
i\w -49-1 

{Lalenil Bracing) (Rule 4) 

rurliii spacing —2-0 m. Girt spacing »l-67 m 
Spacing 

Left Rafter (ISLB 350) ^ = ^^-=631 OK 

fy 3"17 

Loft column (ISLB 350) ^ = ff^ -5 2-7 ( ^ » ^1^ = Ow) 
ry 3-17 \Mp Mp J 

Eq 51 = (—1 =35<52-7 :. More refined check necessary. 

Restraint coefficient 

/->'KHr»,+ia:^"""'-"(«-«w.) 

= (60+40 |^)317=.230-7 cm 

U{LKt - 30-7; lib -20. 

1-20X 16-5-335 cm 

AC/ - 1-21 

(j?) -a^*-(l-21)(35)-.42'4<52-7 

NoTX — Small hinge rotation requirement would exist for this case. Therefore, 
assume it to be OK. Alternatively, provide additional brace. 

BtMciug Ditails 

1) Provide vertical welded plates at centre purlins at both rafters. 

2) At sections 4, 7 and 10 brtee to inner (compression) comers. 

Columns (Rule 5) (Rule 7) 

Left column (ISLB 350) ^^ 0-105 <01 5 FuU Mp available 

Right column (ISMB 600) ^ - _»i- -^-^^^ <0-,-01S 

.-. FuU Mp available 

(ConHiMtMl) 
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DESIGN EXAMPLE 7 TWO-SPAN FRAME — Contd 



Interior column (ISMB 550) p- "OiS-^OiS 



LIPx =-• 



JOO 
22il 



Simple check for axial force 
(Rule 1) U adequate. 

22-6 .'. original design is OK 



Connection Details 

(Use straight connections without haunches) 
Connection A (ISLB 350) 

Use diagonal stiSener equal to flange thickness 

16-5 



.114 cm 



for local buckling: t^bjil 



T7 



0-97 cm; 



See detail h, in sketch h of Design Example 4. 
Connection 10 (ISMB 600) (Sketch g) 

v5 /i _ ^\ LI? /L060;4 _ 12x60\ 
'•"■ b\d ^iJ" 2tO\ 600 y/3 ) 



t, «■ 0-57 cm 
. ^ b 210 
'• =• T7 " 17 



= 1-23 cm 

Uae 100 X 14 mm plate 



ISMB 600 



w 



-^ 



I 



•^- 



(I) 



Interior connection 6-7-8 (Sketch k) 



Wr 



dcdb 



- 0-6 X 



62-4x100 



60x60 
— 1-04 cm 
W(.t» l'2<l-6 cm 

Use partial diagonal sti£fener (1-2 cm thick) as per sketch. 
Splicet — Provide as port of corner connection detail (interior column continuous). 
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26.5 Design Example 8 (Two-Span Frame with Gabled Roof and 
Fixed Column Bases) — The use of gabled roofs and the fixing of column 
bases adds sufficient additional complexity to a structure to justify fur- 
ther consideration of the mechanism method of analysis. Since most 
of the design rules have been illxistrated in the previous problems, in 
this example attention will be focussed solely upon the over-all analysis 
and design of the structure. The examination of details is left as an 
exercise. 

In actual design practice, problems of this type would undoubtedly 
be solved by the simplified procedures described in 31. However, this 
example is given to illustrate basic principles. More complicated pro- 
blems, for which charts are not available, could then be solved. 

The methods presented here would also be helpful in the solution 
of problems involving three or more bays. 

The two-span frame, symmetrical throughout is shown in sketch 
a of Sheet 1.' The roof load, concentrated at the quarter points of 
the rafters, tnight be thought of as an approximation to a uniformly 
distributed load of 1-5 t/m. Similarly, the side load produces the same 
overturning moment about the base as that of a uniformly distributed 
horizontal load of 0-6 t/m acting on the vertical projection of the 
structure. 

There arc 18 possible plastic hinges, 6 leduudauts, and, therefore, 
there are 12 independent mechanisms as shown in sketch b. The 
mechanism solutions are worked in tabular form. The sketch of the 
various mechanisms in the table does not repeat the deformed shape, 
since the essence of these mechanism are shown in sketch b. The 
internal work is computed in column 3 of the table of mechanism ana- 
lysis, and to facilitate checking, the work done at each hinge is listed 
in the same se<]ucnce as the numbering given in sketch a. Column 4 
contains the computation of external work, and Mp in terms of P^L is 
given in Col 5. 

Independent Mechtmisms 1 to 10 are shown first. Possible com- 
binations follow, a,nd these arc made in such a way as to eliminate plastic 
hinges that appear in the independent mechanism so combined. Only 
in this way can the ratio MplPuL be increased. Mechanism 13 is formed 
by combining Mechanisms 9 and 10. Hinges \vill be eUminated at 
Sections 1 and 4 only if fl» = 2ff,o. Mechanism 13 is sketched accordingly. 
The required plastic moment is less than for Mechanism 10 alone. 

Mechanism 13(.i.) is the same as Mechanism 13 except that the 
solution is obtained by a summation of work equations for the indepen- 
dent mechanisms as described in 18. The combination eliminates mecha- 
nism angles of 2d at Sections 1 and 4 of Mechanism 10 and of 26 at the 
same sections of Mechanism 9 (' Cancel 8A/;,'). The _same answer is 
thus obtained as by the first method. 
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A moment check was made, n6xt, to see if Mechsmism 10 was the 
correct failure mode. It was found to be incorrect because M = VSMp 
at Section 8. This suggests a combination of Mechanisms 10, 11. 2 and 
4, and the resulting Mechanism 15 does, in fact, give the correct answer 
as shown in sketch d. The required value of Mp for the Case I loading 
is 57 m.t. 

For Case II loading. Mechanisms 9 and 16 are investigated. The 
latter is a combination of Mechanisms 9, 10, 11, 5 and 7. The mcnnent 
check for this case is shown in sketch e. Since the frame is deter- 
minate at failure [7 = X— (M— 1)= 6— (7— l)a= 0], a possible equili- 
brium moment diagram may be obtained directly. It is obtained by 
plotting the known ilfp-values (sections 2, 3, 4, 6, 10. 14 and 18) and solving 
first for the moment at location 7 (Mj—-}-0-13Mp). Since Afj, =—Mp, 
the moment at location 8 equals -yMp, so the moment diagram may be 
completed for rafter 4-7-10. Using the ' trial and error ' method', it 
is assumed that Afii= 0. Hence Afit= Mp and the moment diagram for 
the right hand span would be identical to the left hand span. Msdcing use 
of the sway equilibrium equation, the moment at Section 1 is -f 0-56 Mp. 
Therefore M is less than or equal to Mp throtighout and the value 
Mp— 0-139PI is correct for the Case II loading- 

Since (Mp)ij <(Mp)i, the Case I loading controls the design and 
Mp= 57 m.t. An ISWB 500 supplies the needed plastic modulus. To 
complete an actual problem the appropriate design ' rules ' would have 
to be checked. 
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DESIGN EXAMPLE 8 TWO-SPAN GABLED FRAME 

Structural and Loading 
P t=f> t 

r = 7-2 t 

Column ba.ica fixed 
r. = 7-2 t 



kiiii 




(•) 



iMuUng CoH di tiom 

Coae I Load {DL+LL) 
F-1-85 

P, (9) (t-8$j -16-6S t 

r, — 



Case II {DL+LL+ Wind) 
F-1-40 

(9) (1-40) -.126 t 

(7-2) (l-40)-10-08-0-8P 



Plastic Momtmt Ratio — Try constant section throughout 

PotsibU Plastic HingM, ^ —IS (Numbered section in sKetch a) 
Rednikdaxit, X —6 (Remove support at Sections 2 and 3} 

NuKdur of Indapaudtnt Aiicha»ism, n — N-~X^12 

MMbaoisma 1-4: Beam mecbaninos 
MedumlaiM 5-8: B«am mechanisms 
Mechaoiam 9: Panel mechanism 

Mwrhaniama 10. 11: Gable m«chanisms 
MaohaaiHB 12: ' Joint mechanism 



{OmHnutd) 



171 



SP:6<6)-1973 



DESIGN EXAMPLE 8 TWO- SPAN GABLED FRAME- CoMtii 




(CohHhu~ 
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DESIGN EXAMPLE 8 TWO-SPAN GABLED FRAME — Corld 



Cat* J — Solution 
Mechanism Analysis 



Vo. Mechanism Intbknal Work External MpjPuL 

{WIlMpd) Work {WEIPLff) 



(1) 



(2) 



1-4 



(3) 



W 



(5) 




'^3^3 3 



'^(1)0) 



1 

1« 



5-8 



Siniilar (see 
sketch b) 



1^-4-^3 - 8 



13 1 ^ 

1 "^ 8 " 2 16 




l+l+l-Hl 
4-1-1-1-6 



10 

11 




^ ^ 24.3-f2-|-l 


8+8^8+8 
«. 1 


1 

i 


13 
(94-10) 




^^ 2-}-2 + l+2 


1,3,3,1 
8+8+8+8 
~ 1 


1 

T2 


13a 


Solntion by sum- 
mation mechanism 
solution 


Two times 
Mechanism 9 
Mechanism 10 
CanceUed 
Total 


12 


8 1 
-8 — 
12 1 


1 

12 


H3) 


1 

r P 


^s!, 2+4.H-f-2+2 
J^ +1+2+5-19 


i <» + » B 
. +3+l)(2) 

{ConHmttti) 
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DESIGN EXAMPLE 8 TWO-SPAN GABLED FRAME- - Conid 



No. 



Mechanism 



Intbrnal Work 

{wiiMpe) 



extbrnal 
Work (WKIPLO) 



MtlPmL 



(1) 



(2) 



(3) 



(4) 



(5) 



14a 



Solution by 
summation 


Mechanism 11 
Mechanism 13 
Mechanism 12 
Cancelled (Sec- 
tions 11, 12) 


8 

12 

3 

-4 


1 
1 

2 




Total 


19 





2^ 
19 



Moment Check for 

PL 
Mp «• -rr (Mechanisms 10 and 11) 

Btam 7-10 



M, 



4 "' 4 + 8 

"+4 Mp — ^-^Mp 

-IS Mp (Violates) 



Mp 2 




(c) 



M*ckaniim Analysis (Additional) 

15 

(2 + 7 
+ 10+11) 



- - 8 5 28 



g+S+-8+l 



(1X3) ~ 3 7 

(Due to symmetry only one-half ot fimme is solved) 




{ C om limMii ) 
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DESIGN EXAMPLE 8 TWO- SPAN GABLED FRAME — ComM 



Moment ektck for Mechanism 15 — (mp k - PuL\ 
Beam 7-10 



Mf " 3 ■*'^»~3 ■*'u+ ~r 




Beam 4-7 



W) 






Com // — Solution 
Mechanism solutions 



All M <Mp 

PnL 166S X 24 

^f-1 7— 

=57 m.t 



No. MscH^NisM Internal Wokk External MplPnL 

(WIlMpSf Work (WEIPLff) 



(1) 



(2) 



(3) 



(♦) 



(S) 



>)(n) 



14-1+1+1+1 + 1 
-6 



(0-8)(J)w^ 



0-2 




1 

39 



(C«fiM«iM^ 
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DESIGN EXAMPLE 8 TWO-SPAN GABLED FRAME - Confd 



No. Mechanism Internal Work External MpfPut- 

{WIlMpO) Work {WE/PLd) 



(1) 



(2) 



(3) 



(4) 



a 



16 

(9+10 

+11+12 

+5+7) 



2 + 3-66+I+? 

+ 3 + 3'2+4-86 
-21 06 



+i+5+(i)'» 
(j) «'+(!) <'■» 



2-93 




22^ 



6 m 
3.66 -i- i— *• 



0130 



Moment check for Mechanism 16 — {Mp)ii -i 0-139 PuL 
Beam 4-7 

„ Mt 2M,,PL 



M,--y+3 Af.-- ^ 



Mp 



-+-r+3 ^'-(6)(0-139) 
M, - +0'13 Mp<Mp OK 
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Sway 

T,^+Mi-Mp-Mp+Mp+(y-Mp = 

M^ - -Tai+2Mp =» ~^^\^ff+2^P = 0-56A/|. OK 

(Mp)n = 139 PuL = 0139 (126)(24) = 42 in.t<S7 m.t Cas* I controls 
Rtaction for Case I 
H.x6-2Af^ 



"*" 3 - 3 




= 19 t 
Ki - K, = 2 P = 18 t 
K, » 2Vi- 4 P = 36 t 




Selection of Sections 




^- oy -57X 2 520 




= 2 260 cm' , 


Use ISWB 500 




Z « 2 3»1 36 cm* 


Aerial Force 




p V. 
Central column =.—-»= — Jj 
Py oyA 




^ 36 000 . 


2 520 


X1212 
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37. DESIGN EXAMPLE ON MULTI-STOREY STRUCTURES 

37.0 So far, our attention has been restricted to one-storey structures 
consisting of rectangular and gabled portal frames and to the multi-span 
frames that are typical of the industrial-type buildings to which plastic 
design can now be applied. A fair quantity of steel, however, goes into 
the construction of multi-storey structures, both of the tier building 
type and the more frequent two- or three-storey structure. 

What is the reason that our attention has been restricted to the 
single-storey building ? First of all, a considerable tonnage of steel goes 
into such structures and, therefore, it is most advantageous to document 
the necessary provisions which will enable the engineer to apply plastic 
design to the industrial building. Secondly, and perhaps the most 
•important, as the number of stories increases, the columns become more 
and more highly loaded. As already mentioned, the moment capau:ity 
of columns with relatively high axial load drops rapidly. The related 
problems are not completely solved and more research is needed before 
a ' complete ' plastic design can be applied to all classes of tier buildings. 
As will be noted below, however, the outlook is heartening for at least 
a limited application of plastic anal>'sis, and as Walter Weiskopf, con- 
sulting engineer, has remarked: 'it seems natural, therefore, to take 
the next step, that is to apply plastic design to this large class of buildings'. 

In a stimulating and thought-provoking article", Weiskopf has 
discussed the application of plastic design to multi-storey structures, 
emphasizing the tier building typj. He has suggested that the appli- 
cation of plastic design to such structures depends on the relative im- 
portance of horizontal forces. If horizontal forces are not a consideration 
(they may be so small that an ordinary masonry wall panel would carry 
any such small forces that might exist), then the regular connections are 
free of moment due to side sway and a very large savings in steel is 
possible when comparing a plastic design of the beams to a conventional 
simple beam design. In fact, for uniformly distributed load the savings 
theoretically could be SO percent if it were not for other factors such as 
the cost of connections, etc, that tend to cancel out the potential savings 
due to economy in main material. When compafed witli rigidly con- 
nected elastic design there will, of course, be a savings in a plastic design. 

The approach to design will be largely influenced by what is dcMte 
about bracing against horizontal forces. Three situations may arise, 
as follows: 

a) No horizontal load should be resisted (any minor loads taken by 
wall panels), 

b) Horizontal forces carried by moment connections, and 

c) Those cases in which the horizontal forces are carried by cross- 
bracing around elevator shafts or elsewhere in walls. 
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The application of plastic design to Cases (a) and (c) above will simply 
consist of a plastic analysis of continuous beams. For the second con- 
ditions (horizontal forces resisted by moment connections), the area of 
possible application of plastic design is dependerit to the greatest extent 
on further research becaase plastic hinges might forqi in the columns, and 
as already mentioned, more needs to lie known about the performance 
of columns under high axial load and as part of a ftaiuework. 

It is for the third case in which the horizontal ,fc*ce^ are carried by 
cross-bracing that a plastic design appitoach seems; possible. When 
provision is made for wind bracing in wail panels, the beam and girders 
would be proportioned for full (plastic) continuity. The columns, on 
the other hand, would be proportioned according to conventional (elastic) 
methods. By this procedure, none of the plastic hinges participate in 
the resistance to side load. Such load is all carried by the diagonal 
bracing. The only mechanisms are the beam mechanisms. 

The top one or two stories might be designed by a ' complete ' 
plastic analysis, hinges forming both in the columns and in the b^ams. 
In those cases the vertical load in the columns would be relatively low 
and would be governed by considerations already described for the 
previous examples. 

As far as the tall building is concerned, the column problem actually 
may not be as severe as first intimated. The most critical loading con; 
dition on a column is one which subjects it to equal end moments orb^ 
ducing single curvature; the maitimum moment then occurs a|!^he 
midheight of the member. On the other hand, in tall building. the 
columns will usually be bent in double curvature with a point of inflection 
(zero moment) near the middle of the member. The critical sections 
in that case art at the ends. Such columns are better able to develop 
plastic hinges than columns loaded in single curvature. 

The problem of t^e connection for tier buildings also relates to the 
ability of these components to form plastic hinges. In riveted work 
it is very difficult to design a connection of strength equal to that of the 
beams unless large brackets are used. Therefore, if riveting were to be 
used to achieve continuity at connections in a plastically designed 
structure and without the use of these large brackets, further studies 
would be needed. The use of high-strength bolts offers another method 
of achieving continuity. 

As has already been emphasized, maximuih continuity with mini- 
mnm added connection material can often be achieved by the use of 
vwlding. Numerous design recommendations have been made in Section 
B that are directly applicable to multi-storey buildings. 
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Naturally, no sharp dividing line exists between the form of structure 
that, on the one hand, may be designed by the plastic method and, on 
the other hand may not. An example will now be given of the plastic 
design of a two-storey building in which cross-bracing is not used, but any 
possible side sway is resisted by moment connections. A^ter the 
selection of member sizes, the design of some of the connections also will 
be examined. 

27.1 Design Example 9 (Two-Storey Building)— Using the mecha- 
nism metliod of analysis, a two-storoy, two-span building frame is 
designed to support the loads shown in sketch a. A study of all j)ossible 
loading conditions shows that Case I (dead load plus live gravity load) 
is critical. Therefore only this condition will be illustrated, the pro- 
cedures for investigation of the other cases being identical. 

The loads arc uniformly distributed, but, for the sake of analysis 
are replaced by concentrated loads acting at the quarter points. The 
side loads, T, produce equivalent overturning moment about the bottom 
of the columns of the particular storey. Alternatively, it would have 
been possible to assume that plastic hinges formed in the centre of each 
beam span, to treat the load as uniformly distributed, and to revise the 
design (upward) to suit the precise plastic moment requirement. 

Assuming that vertical load alone will control the design, the plastic 
moment ratio of the different members are selected such that simulta- 
neous failure of beams A, B, C, and D will occur. If Span B has a 
plastic moment value of Mp, it is found that for Span A the plastic 
moment value should be 1-78 Af*; for Span C, 2-37 M*; and for Span D, 
1-33 Mp, 

The fourteen independent mechanisms » are shown in sketch b 
except that only two of the eight possible beam mechanisms are shown; 
the rest would be similar. The solutions for the various mechiinisms 
are worked in tabular form. All beam mechanisms give the same 
answer — a check on the accuracy of the selection of A/^-ratios. The 
sequence of terms in the work equations follows the" numbering sequence 
of sketch a. 

Although for a frame of this type, one could be reasonably sure that 
the correct answer had been obtained already, Mechanism 15 is also 
investigated. It is found to require a smaller plastic modulus and 
therefore the critical case selected for the moment check is the simulta- 
neous formation of the beam mechanisms. 

In making the moment check, the diagram for the beams may be 
drawn without diihculty and this is shown in sketch c. Quite evi- 
dently the plastic moment conditicm is not violated in any beieun. 
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A possible equilibrium moment diagram for the columns is shown 
in sketch d. Since the frame is still indeterminate at failure, it is not 
' exact ' ; but it shows that the plastic moment condition is not violated. 
The method used is the ' trial and error ' one. ilfj,, Afjj, and M^ are 
first obtained by the joint equilibrium equations. The left and right 
columns are selected as having a moment strength equal to that of the 
beams which they restrain, and the same moment capacity is assumed 
for the full column height at this stage. In order to obtain an 
idea of the magnitude of moment at Section 16, since the horizontal 
reaction at 3 would act to the left, it is assumed that M,, is at the full 
plastic value 25-35 m.t in the direction indicated. The joint equilibrium 
equation gives the magnitude of Af,,. Mio is assumed equal to —AT,,; 
this is a completely arbitrary assumption, but since there is no side load, 
any small value would be reasonable at this stage. Afj is then obtained 
by the panel (sway) equilibrium equation and is found to be 28'13 m.t. 
Since all moments are less than kMp, the upper storey is satisfactory 
thus far. 

The moments at Sections 4 and 11 may now be determined by joint 
equilibrium. Subsequently, the sway equation is used to check the 
bottom storey, a calculaticm that is made on the basis that the moments 
are zero at the column bases. Equilibrium is satisfied, and, therefore, 
the moment check is complete. 

Mp for the Case I loading is thus equal to 25-35 m.t. Cases 11 and 
III loading are not shown here, but are found to reciuire a smaller 
plastic modulus. Therefore, sections would be selected on the basis of 
the Ccise I solution, care being taken to modify the sections used for the 
columns to account for the influence of axial force. 

A result of the moment check given above and shown in sketches 
c and d is that the fixed bases are not required for this problem. 
Pinned bases would have been just as 'satisfactory and would not have 
resulted in an increase in member sizes. 



SPi 6(6) - 1973 



DESIGN EXAMPLE 9 TWO-STOREY, TWO- SPAN BUILDpiC 

Sthuhtrt Loading 

Roof load =4-5t/m 

Floor load 3x6-0 t/m 

Wind load » 0-6 t/m 
Replace distributed load by concentrated loads at quarter points. 
Replace horizontal load by concentrated loads at roof and floor lives. 

r, . 912<6>11 ^ ,.8 t 



r,. 



0-6x4 5x225 
4-5 



1-35 t 



R«6P«30t ,... 301 



T,»M5I 



1 r 1 » 1 1 ' 



WIND LOAD 
r0 6t/m 




•*t4— 'It— *^|t-J 

3l«9m -^ 



Loading Conditions 

Case I- DL + l.L ^ =1-85 P« •=9-25 t 

Case 11 - /)/. + /X + Win«l from left P =1-40 P, -70 t 

Case III - DL + LL + yNind from right F "=1-40 JP« =.70 t 

Plastic Moment Ratios • 

For siinultaiicouii failure of spans .4 and B under Case I loading use plastic 
moment in ratio of square of spans. For equal opans, the ratio is to vary as the load. 
JfB = 100 Left column: Use A - Jf^ =.1-78 



Xa - (^y^B =1-78 



Centre column: Use h t 
Right column: Use k 



Kb -100 

Kb -100 

{ContiHutd) 
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DESIGN EXAMPLE 9 TWO- STOREY, TWO- SPAN BUILDING — C«itM 

Case I — Solution 
Mechanisms 

Possible Plastic Hinges — N •~26 (At all neutral sections in Sketch a except 1 and 3 
Redundant, X ^=9 (Cut beaxbs A and B, remove reaction at 2, remove 
fixity at 1 and supply roller at 3) 
Independent Mechanisms — n — N — X "14 

Beam mechanism 1-8 



Mechanisms 2, 3, 5-8 similar 




Panel Mechanisms 9 and 10 



e'*jn ©'*r ©Hr 






O) 



(Cp«<mM«4) 
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DESIGN EXAMPLE 9 TWO-STOREY, TWO-SPAN BUILDING — Co«(<i 



Joint Meclianism 11-12-13-14 
Mechanism SolutUmt 

"Wo. MmCHAMISM 



't 



^^ ^ 



iNTBiiNAL Work Extxknai. Work MplP»L 
{WllMpS) {WEfPL9) 



(1) 




(2) 




(3) (4) (5) 


1 




-?(l-78)-4.74 ^-^ 


1 


i 


+ 


- 








3 




2 


4 




Note — 2 is identical with 1 . 




1 




1 i 


1 =.f(100)-2.67 +*<1)(-J) 


3.4 






5-8 Note - 


- Mocha 
arc sin 


lisms and vcrtic 
tilar. 


al work equations 1-69 


15 

(2+4 
+6+8 
+9+10 
+ 11+12 
+ 13 + 14) 




(/fc+Kc) 
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DESIGN EXAMPLE 9 TWO-STOREY. TWO-SPAN BUILDING - CcmM 



-^(1-78) + ^^ (100) 

+ |(237+l-33) 
= 21 07 




Moment Chech for Beam Mechanisms (See Sketch c) 
Mp =1-69 Pii/, = 1-69(S)(3) = 25-3S m.t 



MPA =1-78 Mp 
MPB =10 Mp 
Mpc =2-37 Mp 
MPD -1-33 Mp 



'451 m.t 
-25-35 m.t 
=.6008 m.t 
= 33-71 m.t 



7o< Mi 21 -23 : M„~ -M„- Mn 

M„- -45-12+25-3S = 19-77 m.t 
Assume Mi, mi—Mp 



45>12 



4S-12 



60-0 a 



25>35 




(c) Beam Momantt 



(Continutii 
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DESIGN EXAMPLE 9 TWO-STOREY, TWO-SPAN BUILDINC — ConU 



7o««M5-17: M„ --M„+Af„ 

Af„ - 33-71- 25-35 - 8-36 m.t 

Auunu Ml, "»—i>f 11= + 19-77 m.t 

5«Niy of top storey 

Mt +M„+M,t+Mrt+Mu+M„-Q 
M,=19-77+8-36-45-12 + 19-77+25-35-28-13 tb.t 

Joint 4-6: Af,=M,+Af,- +28-13-60-08- -31 -^S m.t 



Smmy of bottom storey 

Ari-M,-M,-M« + M„ + Af„=0 

0+0+0+31-95-6-6-25-35 = 



Allowable M<kM* 
:.{Mp)i= 3»'35 m.t 



Um the following sections as different members of the frame 

Left column, A = if^-tl-78. Mp =25-35 xl-78=4S-12 m.t 

Uae ISLB 550 

Beam C = A" = Ki:^2-37. Mp >=2-37x 25-35~C008 m.t. 

Use ISLB 600 

Similarly other sections may he decided. 

These ivsclions should be checked to see if they saliiify other secondary 
considerations. 



45-12 



J9-77 



(d) Column Moments 



25-35 
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SECTION G 
SIMPLIFIED PROCEDURES 



28. INTRODUCTION 

28.1 One of the advantages of plastic design is that the engineer is able 
to complete the analysis in less time than required by conventional 
(elastic) procedures. It is possible, however, to shorten the design 
time even further, by taking advantage of the same technique that is 
used in conventional design and one that is frequently used whenever 
a procedure becomes time-consuming. The solution of frequently- 
encountered standard cases may be given as a formula or in chart form. 

Such an opportunity is open to the engineer interested in plastic 
design. In this section some techniques will be tlescribed and certain 
of them illustrated. The presentHtion is by no means a complete one. 
Indeed, the ingenuity of engineers will undoubtedly lead tiiem to develop 
many other such design aids. 

Two words of cauiion: 

a) Since siiperixwition docs not hold in plastic analysis, generally 
it is not {xjssible to combine two separate solutions as is done 
so commonly in clastic, design. Any ' formula ' or ' chart ' can 
only assist in the solution of the particular loading and geometry 
for which it was developed. 

b) Even though tlie formulas and charts arc correct in themselves, 
it is a^ood rule to dicck the plastic moment condition by draw- 
ing the moment diagram. In this way one is assured of the 
correct answer. 

The simplified proceilures which apply to continuous beams are 
discussed in 29. Tfits will include a tabulation of solutions for various 
loading conditions, formulas for the rapid determination of the required 
plastic moment for single-span frames with pinned bases are given 
in 30. The use of charts for tlic same purpose is also deathbed there. 
Finally, in 31 the solution of problems involving multi-span frames axo 
discti»ed. 

39. CONTINUOUS BEAMS 

29.1 Althooeh the analysis of continuous beams for maximum strength 
represents the simplest possible application of the plastic method, ^ 
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engineer may wish to avail himself of tables and charts for the rapid 
solution of continuous beam problems. 

In Fig. 66 {see Appendix C) are given ' beam diagrams and formtdas ' 
for certain loading conditions on beams. The table is patterned after 
similar tables contained in Ref 13. In addition to the reaction and 
Mf-values for these standard cases, the position of plastic hinges and 
pomts of inflection are indicated. Eventually values for deflection at 
ultimate load (§«) and deflection at working load could be added to 
juch a table. 

30. SINGLE-SPAN FRAMES (SINGLE STOREY) 

30.1 Two approaches are possible in simplifying the procedure for the 
solution of single-span frames. The virtual work equations can be 
expressed as a formula which would reflect both the frame geometry 
and the loading conditions. Alternatively curves may be prepared which 
present the solution in chart form. At Lehigh University, Dr Robert 
L. Ketter has made an outstanding contribution" that enables the 
engineer to determine with the aid of charts the required plastic moment 
of a single-span frame in a fraction of the time required in a ' routine ' 
plastic analysis. The method of derivation and some examples are 
contained in Ref 46. Ref 47 makes use of both the ' formula ' and 
the ' chart ' approach and in this aspect is based substantially on Ketter's 
work. It is cited here for reference (when available) for additional 
examples. A few illustrations will be given. 

Restricting ourselves to single storey-structures of uniform plastic 
moment throughout, Fig. 67 {see Appendix C) shows a gabled frame 
with uniformly distributed vertical and horizontal loading. For simpli- 
city the horizontal distributed load is replaced by a conc^itrated lc«d, 
acting at the eaves, such that it produces the same overturning moment 
about the base at Location 1. 

Since 

- - Wk {a+b)*L* 
M =» —-^2 

then , 

-. _ m{a+^)*L 
~ 2a 



...(71) 



In order to simplify the form of the solution a parameter C is intro- 
duced which is a function of the magnitude of the overturning moment. 
It is determined from: 
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and thus 

^=S- = Sr (''+')• (^2) 

Consider, now, the mechanism shown in Fig. 68 (see Appendix C). 
(Of course there are other possible mechanisms but in most practical 
cases, this will be the one to form,) Using instantaneous centres, the 
rotations at each of the plastic hinges may be computed and then, by 
use of the mechanism method, the required plastic moment may be 
determined in terms of the variables w„, L, Q, C and x. 

The following equation results: 

M.^M^ll^^l^] - t73) 

where x is given by: 

" ^[V(i+0(i-OQ-i] «?>0) 

«?=0) ... ...(74) 




and is computed by the methods already discussed. 

The only remaining problem is to determine the range of variables 
for which the mechanism shown in Fig. 68 {sec Appendix C) is in fact 
the correct solution. Figure 69 {see Appendix C) summarizes the appli- 
cable formulas for the pinned base singlp-span, single-storey frame. 

Similar solutions may be developed for other loading conditions 
and for fixed bases. 

Ketter*' l4|Sis presented all possible solutions to the single-span, 
single-storey frame in the form of two charts — one which gives the 
value of MpluiL* as influenced by C and Q, and one which gives the 
distance, x, to the plastic hinge in the rafter (also a function of C and Q). 
These two charts are Indicated in Fig. 69 {see Appendix C) and for the 
major range of variables, they are simply representations of Eq 73 
and 74. Their use will be indicated by the example which follows: 

Example 8 — Single-Span Rigid Frame Without ftoMnched Comers 

This example is the same as that of Design Example 6 except that 
no haunch is to be used. The two loading conditions are as shown at 
the top of Fig. 70 {see Appendix C). The distributed load acting hori- 
zontally on the frame produces an overturning moment from which C 
may be computed (Eq 72). The values of C are thus determined as 
zero for Case I and 0-074 4 for Case II. Knowing that Q = afb =a 0«75, 
all the needed information is available for entering the chart of Fig. 69(a). 
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For Case I, Mplwl* is equal to 0046 and for Case II it is 0-055. T 
determine the critical or controlling case, (it is sufficient to compar 
MpIL* ratios since L is the same in both cases. On this basis. Case I is 
found to be critical. A ISWB 600 member is specified. 

The moment check shows that the plasticity condition is not violate< 
and thus the answer is correct. The secondary design conditions woul< 



next be checked. 



Wu=1-85x1-2 t/m 



^.^ 




( 



Wh«KOxO'7t/m 



^ 



Wu«1-40x1-2t/m 

SSE 




Case II 

F{DL+LL+mnd)= 1-40 
(1-40) (I -2)= 1-68 t/ni 



w, 



C=."'*J^V-.0.073 5 



Case I 
F(DL+LL)= 1-85 
w, =(1-85) (1-50)=: 2-22 t/m 
C =0 

Q ^bia^ 0-75 
Analysis from chart in Fig. 69(a) 

MplwL*^ 0046 MplwL'^. 0-0S5 

M^/Z.»=(0046)(2-22)= 0-102 t/m Afi,/L«=(005S)(l -68)= 0-092 t/m 

Af*=91-8 m.t 
Case I (without wind) U critical 

StUction of Section 

Use ISWB 600 

Z =3 986-7 cm» 
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MomttU Check 



wL* Ms 






2-22 x30« 91-8 



XlO-5 



89-3 m.t<M* 



OK 



31. MULTI-SPAN FRAMES 

31.1 Wlien multi-span single storey frames are considered, Ref 45 makes 
possible an even more dramatic savings of design time. Again, graphical 
representation of the equilibrium equations may be used to facilitate the 
solution of these problems. 

Example 9 

Consider the problem shown in Fig. 70(a) (see Appendix C) below, 
that of a two-span flat roof frame. It is the same structure, in fact, that 
was studied in Design Example 7. As the frame fails, the usual m\3de 
of failure will be that shown in sketch b. Now actually we can consider 
the behaviour of two separate structures as shown in sketch c without 
changing the total internal and external work. (The work <t 'ne by the 
moments and forces as the two separate structures move through the 
virtual displacement becomes zero when ' continuity ' is restored at 
the cut section.) The problem may be simplified still further by replac'ng 
all overturning forces and moments by imaginary moments acting about 
the column bases. The resulting separate structures which are equi- 
^ent to the original structure are shown in sketch d. 

V 

Charts may then be prepared for the general case shown in sketch 
4 of Fig. 71 (see Appendix C) just as described before. Pandf A is 
given a virtual displacement and the work equation is then writt^. It 
takes the following form**: 






■('-i)(z+<^-°)-^''e| 



with 




...(75) 



^ = ^[vi-^{C(r+<3) 



«?>0) 

(e=o) 



..(76) 



Whereas D was mid in the single-span problem (see 36), f6r the multi- 
span frame D becomes an additional parameter. Therefore it is necessary 
to prepare one set of charts, for each value of Q for which a solution is 
desired. Figure 71 represents the solution for the flat roof frame in chart 
form. The left hand portion represents £q 75 with ^=0. The right 
is the second form of Eq 76. Notice that the lower cut-off line on the 
cbaxt is a beam mechanism in which MplwL* » 1/16 (Appendix C, C-5). 
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Now, to solve a problem we note from the loading [Fig. 70(d)] that 

Ci= «'*/«'„a* and that ©3= 0. The correct answer will be determined 

wL* 
when the overturning moments at 2 are equated. Thus, />, — ji *= 

ivL* 
G,-v*; so we will use the chart of Fig. 71(a) twice one for structure 

A and once for structure B and will e.ventually obtain an answer in terms 
of Mp/wL' for which the overturning moments at Section 2 will just cancel. 
The following example will help to explain this. 

Example. 10 — Two-Span Flat Roof Frame 

The case for vertical load abne will result in beam mechanisms and 
need not be considered here further to illustrate the use of the charts. 
[The problem is the same as Design Example 7, for which Case I (without 
wind) was critical.] 

In the first ix>rtion of the calculation, the known quantities arc 
indicated. The value of Q is found to be 0-012 5. The value of, Z), is 
sinci; there is no external overturning moment applied to member 3-10. 
Tlie only unknown values at this stage are Z), and C„ botlj of which may 
be found at the same time the value MpfwL' is determined from the 
condition that 0^= 4Cj. 

Although it would not be possible to pick at the outset the value of 
MpjwL* that satisfies this condition, by use of the chart of Fig. 71(a) in 
Appendix C one can determine possible solutions for each panel and find 
the correct answer graphically. A table is thus prepared with the aid of 
the chart. Panel A is first analyzed for Ci= 0-125 and for various values 
of D. (Linear interpolation will be satisfactory if the range of C—D- 
values is small when compared with that of the chart; therefore two 
points will be sufficient, and D^— and D^— 0-10 were selected.) The 
same thin^ is done for panel B except that now D^ is known and C, is 
unknown. So, v.ilucs of MplwL* are dotcrrninod for two values of Cj 
(0 and 0-50). Tlic sketch c shows how this is done. 

Now on a separate grapii may be plotted the information contained 
in the table in tlie calculation sheet, it is showrt in sketch d. Where 
the two curves intirsci t. D»= AC\^ 0102, Afy,/7£'Z-«=0-006 52, and the 
problem is solved. Note that the value of Mp for member 4-6 \_Mp = 
(16-43 m.t)] agrees with the value determined for this same problem by 
direct use oi the mechanism method. [Be* Design Example 7, Case II 
{Mp = 16-5 m.t).] 

These charts and others were developed in Re^ 45 covering both 
flat-roof and gabled frames. 

In all of these procedures, the final step in the analysis will be to 
draw the moment diagram with the aid of charts such as Fig. 71(b). 
Finally the s^cond^ry design considerations fnust be examihed. ! 
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DESIGN EXAMPLE 10 TWO-SPAN FRAME 

Can II — Vertical load plus wind {loads same as in Design Example 7) 

Wu 



Wh- 
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i^ 




3„_i 



f* Li -10 m 



(. 



Ci 



WuL\ 
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-U=20m 



El 



) ( 



m 



(b) 



n^A^J c "'"^' ^ (^^' + ^-'^ + Wind) =1-40 tt>»H 

*'2 '"2 »« = (1-40) (1-8) =.2-52 t/m ^» 2 

w» = (1-40) (0-9) -1-26 t/m 

°.%:)'-G)a)"-» 
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D, » 
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0-OS 



[Continued) 
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DESIGN EXAMPLE 10 TWO-SPAN FRAME— Co«<d 
Anstytis from chart in Fig. 71 
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APPENDIX B 

{Clause 23.4) 

SPACING OF LATERAL BRACING 

B-1. Equation 51 not only assures that the cross-section will be able to 
plastify (develop the full plastic moment) but also be able to rotate 
through a sufficient inelastic angle change to assure that all necessary 
plastic hinges will develop. In deriving this equation, the basic lateral 
buckling equation** has been used, the analysis being based on 
an idealized cross-section that consists of only two flanges separated 
by the web-distance. Therefore it already reflects and, in fact, makes 
use of the parameters Ijli and djt. Using the elastic constants of the 
material, and considering idealized behaviour as shown in Fig. 17, it 
may be shown that this procedure leads to a critical slenderness ratio 
of about 100. 

While this might be reasonable for a section that was only called 
upon to support Mp, it is unlikely that the resulting critical bracinp 
would allow much inelastic rotation — a rotation that is ordinarily 
required at the first plastic hinge. Reference 10 suggests that it will be 
adequate to require only that plastic yield penetrate through the flange, 
It is quite evident from Fig. 18, however, that the resulting furthet 
incla.stic lunge rotation thus available is relatively small. Otic of the 
important contributions of Rcf 18 was that it developed methods of 
correlating the critical length for lateral buckling with the magnitude 
of required hinge rotation. 

B-2. This appendix is to outline the procedure for checking the ade- 
quacy of the spacing of bracing to prevent lateral buckling. It is the 
procedure that was used in the examples of Section VI. The problem 
is a two-fold one; First of all, what is the lateral buckling strength oi 
an elastic -plastic segment of a member that has-been called upon to 
absorb varying amounts of rotation at the plastic hinge ? Secondly, 
what is the necessary hinge rotation, namely, the required rotation ol 
a given plastic hinge to assure that the total structure reaches the com- 
puted ultimate load ? 

B-3. There will be considered first the matter of lateral buckling of an 
elastic-plastic beam segment. Figure 64 represents an approximation to 
the work of Ref 18. In preparing the figure, assumptions were made 
with regard to various factors that influence lateral buckling strength. 
Commencing with a beam that is deformed until the point of strain- 
hardening has been reached throughout, the resulting critical length 
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{Llr,)„ — 18 may be revised upward to account for the influence of 
momoiit f^r.idieut, St. Venant's torsion, the extent of yielding (partial 







Pl»SIlC-«'^)i 



KO 



Fig. 64 Comparison of Slendern f.ss and Moment Ratios 

yielding), aijcl the effect of end restraint. Reference 18 considered the 
influence of each of tliesc factors and Fig. 64 is an approximation to these 
results, presented in tcnns of the moment ratio. The equation Llfy—^ 
18+30 {\—MiMp) is, in fact, the equation of the heavy dashed line 
shown in the figure witli a ' cut-off ' at MIMp— 0-6, The significance 
of various parts of Fig. 4 should appear in the course of the follow- 
ing description. The procedure for using Fig. 64 is as follows: 

a) Assume a purUn bracing (usually dictated by available roofing 
materials); Compute Hty. 

b) Examine the structure to see which segment (or segments) will 
be the most critical. For equal purlin spacing it will be the <»e 
near each hinge with the largest moment ratio. Referring to 
the insert sketch, call this the braced span. Lb- 

c) Compute the precise moment ratio for the span being considered 
(length = Lb). This moment ratio is the . ratio of the smaller 
moment to the plastic moment (Afx/M^). 
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d) Compare the slenderness ratio existing in the stiucture with that 
which would Ijc permitted for the particular moment' ratio accord- 
ing to the dashed line in Fig. 64 (or the equation noted above), 
neglecting for the time being the parameter HuILb<I>p which 
relates to hinge rotation. The selected purlin spacing is ade- 
quate if its slenderness ratio is less than permitted according to 
the figure. Otherwise, further refinements are required as follows. 

1) As a first step in evaluating the end fixity correction, compute 
the value/ which gives the ' fixing ' influence of the adjoining 
spans. In the equation for the abscissa of the inset sketch on 
Fig. 64 the values Ll and Lr are the lengths to left and right of 
the braced span, and the subscripts ' cr ' indicate the correspond- 
ing critical lengths of those members. These latter values may 
be determined roughly, as follows: 

If the member is partly plastic {Ll, for example) then the 
critical value to use would be that obtained from the chart — 
a value Lb that could, itself, be refined to account for C/. Thus, 
if the adjacent span, Lt, had a moment ratio of zero, then the 
value Lur would be taken as 48. This value could either be 
computed from Eq 51 or from Fig. 64 (for HbILb4>p= 3-0). In 
other words, in order to obtain the critical length oi a partially 
plastic adjacent span for use in determining /, it is assumed 
that Cf= 1-0 and the critical length is obtained as if it were a 
' buckling ' segment. If the number is elastic (like span In) then 
the elastic critical lateral buckling length would be used and as 
a conservative approximation one could take L„ as given in the 
AISC Handbook of steel construction. 

2) The resulting valiie of / enables one to compute Cf from the 
insert chart. Multiplying the allowable slenderness ratio by Q 
then gives a value which can be compared to the ratio existing 
in the structure. 

If the selected spacing is still too great and a closer spacing is 
undesirable, the rotation requirement may next be checked. The 
principles and general methods for computing hinge rotations have 
already been described. However, the calculations are tedious and, 
if required, would tend to obviate one of the advantages of plastic 
design. Alternatively, charts may be prepared which WQuld enable 
the rapid determination of the magnitude of hinge rotations and 
the sequence of formation of plastic hinges. (The latter question 
assumes some importance because a ' last hinge ' would require 
a very small rotation*.) 



*Aa diacuased in Ref 9 a slendernew ratio of 100 coald b« permitted for this caM, 
a valn« incidentally, which agrees with the British recommendation (one that is 
iataaded to cover all cases). 
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Figure 65 presents some of the limiting values obtained as a 
result of a study by G. C. Driscoll in which such charts are being 
prepared. It shows that the last hinge occurs in the rafter in 
most cases until the columns become relatively high with respect 
to the frame span. 

As regards to the hinge rotation, the value Hjl^p in Fig. 64 
and 65 is a non-dimensional function in which H is the calcu- 
lated hinge rotation, L is the frame or beam span, and <f>p is the 
curvature at Mp{<f>p= MpjEI). Before it can be used in Fig. 64 
it should be corrected to Lb (the length of the braced segment) and 
Hb (the hinge rotation within the braced-segment). It was sug- 
gested in Ref 18 that value the Hb may be determined from 
the gradient of the moment diagram. The following equation 
may, therefore, be used to compute Hb' 

Hb^ " " 



'^gl '^'Mp-MlLb 

where the values are as indicated in Fig. 64. 

Thus the final step in the procedure would be: 

f) Determine the value HjL^p either from a deformation analysis 
or from charts (Fig. 65 summarizes a portion of the pertinent 
information), compute HbILb<I>p> and revise the allowable slendcr- 
ness ratio according to Fig. 64. 
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SI No. 
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Struct lire 



^ 



«w 



^ 



NOTE- aiOWMti 



Location of Laft 
Hinge to Form 

At midspnii in all 
cases except the 
following: 

(1) 0-7 <(3<l-0 
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(2) 1-3 <p<20 
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MaximutH ' Atiglrs ' ■ 
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Fig. 6S Location and Angles of Plastic Hinges 
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APPENDIX C 

(Clauses 29, 30 and 31) 

CHARTS AND FORMULAS FOR BEAMS 
C-1. SIMPLE BEAMS 

Wh ■= w 



C-2. BEAM FIXED AT ONE END, SUPPORTED AT THE 
OTHER — UNIFORMLY DISTRIBUTED LOAD 



0-«ML 




0-1 'U 



/?, ■= ^1-= 0-41 4 WL 
/J, = K,== 0-586 WL 
Mp = 0085 8 WL* 



C-3. BEAM FIXED AT ONE END, SUPPORTED AT THE 
OTHER — CONCENTRATED LOAD AT THE CENTRE 
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' M ll ll l l l llli l 
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C-4. BEAM FIXED AT ONE END, SUPPORTED AT THE 
OTHER ■- CONCENTRATED LOAD AT ANY POINT 



X 



«» 



i?. - V, = 



vOMIIH 



«•= V, 



Mp 






Pab 



Pb 
a+L 
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C-5. BEAM FIXED AT BOTH ENDS — UNIFORMLY DISTRI- 
BUTED LOAD 
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Mp~ 
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C-6. BEAM FIXED AT BOTH ENDS — CONCENTRATED LOAl 
AT ANY CENTRE 



f-^M' 



Til 



f-h-1 
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C-7. BEAM FIXED AT BOTH ENDS — CONCENTRATED LOAD 
AT ANY POINT 
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lllllllllllllllll 
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C.8. BEAM FIXED AT ONE END, FREE BUT GLIDED AT THE 
OTHER — UNIFORMLY DISTRIBUTED LOAD 
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ie =. F - IK/. 
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Z — constant 
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TABLE 3 FORMULAS FOR THE SOLUTION OF PINNED 
BASE FRAMES 



Vbrtical Load Alonb 






2 

Mp 



For Q '^ O-Mp 



16 '"'"2 



For Q>0: Mp = -^ 






*==^[Vi+fl-i] 



Vertical and Horizontal Load 



For C> .--h (Paiiul Moch): 
l+u 

For C< - -7. (Combined Mccli): 
1 +1' 

,>o,«,.'i-'4(,^;:)(c+j 



Wii+eni-ec) J 
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Fig. 67 Singlb-Storey Structure with Uniform Plastic Moment 

206 



H 



Sl»:6(6)-l^a 




^ +26-1 

Fig. 68 Plastic Hinge Mechanism 
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ST "tf^fi «'«-0 O'Sa EJS"t s;"in Ji?«»H >nS^ SmT 

S. flbioS «;"rT •?'09 «P?>«*i ?**T*0> ec«om <oS9< ?l>>c 
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«nO>"*" MO^O 000*0 ■n'^>e »o»h'7 
i^mo «lit^ob A'pi «'0!*' PtrH 
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APPENDIX D 

COMPOSITION OF STRUCTURAL ENGINEERING 
SECTIONAL COMMITTEE, SMBDC 7 

Th* ISI Structural Engineering Sectional Committee which ii retponiriUe for 
l>foc«wilng this Handbook, coniiita of the following: 

CkMrmaM Rtprestnlinc 

DxmscToii Stamdahob (Civil) Ministry of Railways 

M»mb*rs 

Sast L. N. Agxawal Industrial Fasteners Association of India, Calcutta 

&UI M. M. MuRARKA {AlternaU) 
Sni B. D. Akuja National Building Organisation, New Delhi 

Sasi P. C. Jain (AlftmaU) 
Sau P.. C. Bhabin Ministry of Transport ft Communication, Depart- 

ment of Transport (Road Wing) 
Sbki S. R. Chaxravarty Central Engineering & Design Bureau, Hindustan 

Steel Ltd, Ranchi 
Snri p. D. Dharwarkar {AUernale) 
Sbri D. p. Chatterjbb Inspection Wing, Directorate General of- Supplies 

ft Disposals (Ministry of Supply, Technical 
Development ft Materials Planning) 
Dr P. N. Chattbrjbe Government of West Bengal 

Dr p. K. Choudhuri Bridge ft Roof Co (India) Ltd, Howrah 

Shri a. Sen Gupta {Allemale) 
Dr p. Dayaratnam Indian Institute of Technology, Kanpur 

Shri D. S. Desai M. N. Dastur ft Co Private Ltd. Calcutta 

Shri M. Dhar Uraithwaite ft Co (India) Ltd, Calcutta 

Director (Dams I) Centre Water ft Power Commission (Water Wing), 

New Delhi 
Shri B. T. A. Sagar (AlUrMote) 
Shri M. A. D'Souza Bombay Municipal Corporation, Bombay 

Shri J. S. Pinto (AUeruate) 
Executive Engineer (Central Central Public Woriu Department, New belhl 

Stores Division No. II) 
Shri W. Fernandes Richardson ft Cruddas Ltd, Bombay 

Shri P. V. Naik (AUernate) 
Sbbi Sailapati Gupta Public Works Department, Government of West 

Bengal 
Shri G. S. Iyer The Hindustan Construction Co Ltd, Bombay 

Dr O. V. Jain Institution , of Engineers (India), Cakutta 

Joint Dircctor Standards Ministry of Railways 

(n ft S) 
Deputy Director Standards , 

(B ft S)-1I (Atlemau; 
Shri Om Khosla Electrical Maaufacturit)g Co Ltd, C^cutU 

Shri S. N. Singh {AUernaU) 
Prof K. D. Mahajan Engineer-in-Chief's Branch, Ministry of Defence 

Prof P. V. Pjiwar (Altemale) 
Sm» p. K. Mallick Bum ft Co Ltd, Howrah 

Shbi a. p. Katal idUmmaU) 
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MtnAtrs Rtprtunting 

Shu a. K. Mitra HindusUn Steel Ltd, Durgapur 

Sbm K. V. Bhaskar Rao 
Pantulu [Attentate) 
Srri M. G. Padbye Irrigation & Power Department, Government et 

Maharashtra 
Rbsbarch OmcBR (Atttmatt) 
Srri B. K. Pamdmaky Indian Roads Congress, New Delhi 

Shri B. Balwant Rao {Alternate) 
PRor G. S. Ramaswamy Structural Engineering Research Centre (CSIR), 

Roorkee 
Dr S. Narrari Rao (Alternate) 
Dr B. R. Sen Indian Institute of Technology, Kharagpur 

Shri P. Sen GurTA Stewarts & Lloyds of India Pvt Ltd, Calcutta 

Srri M. M. Ghosh {Alternate) 
Srri K. V. Srbtty Central Mechanical Engineering Research Institnto 

(CSIR), Durgapur 
Shri S. K. Ghosh {Alternate) 
Prof I*. K. Sox Jadavpur University, Calcutta 

Superintending Encineerimc Government of Madias 
(Planning A Design Circle) 
Executive Engineer 
(Building Centre Division) 
{Alternate) " 
Maj R. p. E. Vazitoar Bombay Port Trust, Bombay 

Shri K. VebraraOHVaoharY Bharat Heavy Electricals Ltd, Tiruchirspatly 

Suu M. N. Vbnkatesan Central Water & Power Commission (Power Wine) 

New Delhi 
Shri P. V. N. Iyengar {Alternate) 
Shri R. K. Srivastava, Director General, ISI {Ex-offieio Member) 

Deputy Director (Struc ft Met) 

Secretary 

Shri M. S. Nagaraj 

Assistant Director (Struc ft Met), ISI 

Panel for Handbook for Structural Engineers No. 6 

Shri K. VbrrasaObvacbary Bharat Heavy Electricals Ltd, Tirachirapanj^ 
Dr S. Narhaki Rao Structural Engineering Research Ceati« 

Roorkee 
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APPENDIX E 

(See Foreword) 

INDIAN STANDARDS RELATING TO 
STRUCTURAL ENGINEERING 

General 

IS: 800-1962 Code of practice for use of structural steel in general 

building construction {revised) 
IS: 801-1958 Code of practice for use of cold formed light gauge steel 

structural members in general building construction 
IS: 802 (Part I)-1967 Code of practice for use of structural steel in 

overhead transmission-line towers: Part I Loads and permissible 

stresses 
IS: 803-1962 Code of practice for design, fabrication and erection 

df vertical mild steel cylindrical welded oil storage tanks 
IS: 804-1967 Specification for rectangular pressed steel tanks 

(fifst revision) 
IS: 806-1968 Code of practice for use of steel tubes in general build- 
ing construction (first revision) 
IS: 807-1963 Code of practice for design, manufacture, erection and 

testing (structural portion) of cranes and hoists 
IS: 808-1964 Specification for rolled steel beams, channel and angle 

sections {revised) 
IS: 811-1965 Specification for cold formed light gange structural 

steel sections {revised) 
IS: 1173-1967 Specification for hot rolled and slit steel, tee bars 

{first revision) 
IS: 1252-1958 Specification for rolled steel sections, bulb angles 
IS: 1730-1961 Dimensions for steel plate, sheet and strip for struc- 
tural and general engin^ring purposes 
IS: 1731-1961 Dimensions for steel fiats for structoral and general 

engineering purposes 
IS: 1732-1961 Dimensions for roimd and square steels bars for 

structural and general engineering purposes 
IS: 1852-1967 Specification for roUing and cutting tolerances for 

hot-rolled steel products {first revision) 
IS: 1863-1961 Dimensions for rolled steel bulb plates 
IS: 1864-1963 Dimensions for angle sections with legs of unequal 

width and thickness 
IS: 2314-1963 Specification for steel sheet pilling sections 
IS: 2713-1969 Specification for tubular steel poles foe overhead 

power lines {first revision) 
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IS: 3177-1965 Code of practice for design of overhead travelUof 

cranes and gantry cranes other than steel work cranes 
IS: 3443-1966 Specification for crane rail sections 
IS: 3908-1966 Specification for aluminium equal leg angles 
IS: 3909-1966 Specification for aluminium unequal leg angles 
IS: 3921-1966 Specification for aluminium channels 
IS: 3954-1966 Specification for hot rolled steel channel sections for 

general engineering purposes 
IS: 3964-1967 Specification for light rails 
IS: 4000-1967 Code of practice for assembly of structural joints 

using high tensile friction grip fasteners 
IS: 4014 (Part I)-1967 Cod^ of practice for steel tubular scaffolding: 

Part I I)efimtions and materials 
IS: 4014 (Part II)-1967 Code of practice for steel tubular scaffolding: 

Part II Safety regulations for scaffolding 
IS: 4137-1967 Code of practice for heavy duty electric overhead 

travelling cranes including special service machines for use in 

steel works 

Handbooks 

SP: 6 ISI Handbook for structural engineers: 

SP: 6(1)-1966 Structural steel sections 
SP: 6(2) Steel beams and plate girders 
SP: 6(3} Steel c<^Jimns and struts 
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